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FOJ,'EWORD
This bulletin is the fourth edition of one of a series of publications issued

as a result of cooperation between the Safety in Mines Research Board of Great
Britain and the Bureau of Mines, United States Department of the Interior.
Under this cooperative arrangement, begun in 1924, the exchange of personnel
and data permitted intensive investigation of specific problems dealing with the
prevention or abatement of accidents in mines. T e determination of con-
stants such as the limits of flammability and explosibility of gases and dusts
encountered in mines ind the mineral industries was part of the cooperativs
program.

Dr. 1I. F. Coward, of Sheffield, England, was detailed by the British
Safety in Mines Research Beard in April 1925 to the experiment station of the
Bureau of Mines at Pittsburgh, Pa., to make a cooperative study of certain
chemical and physical factors connected with the initiation and propagation
of flame in different gases under various conditions. G. ;'. Jones, of the
Bureau of Muies, was detailed to work in assuciation with Dr. Coward.

A knowledge of the limits of flammability of metheae and of the distilla-
tion products ofcoal in air and in partly vitiated atmosphere is of fundamental
importance in the study and prevention of mine explosions. Likewise, a
knowledge of the flammable limits of gasoline and benzol vapors, natural and
manufactured gas, blast-furnace gas, hydrogen, acetylene, and many other
gases is of equal importance in preventing gas explosions and fires in the metal-
lurgical, petroleum, gas-inanufacturing, aid ri'iated industries.

Substances that a short time ago were found infrequently, even in the
laboratory, are being used on a large scale us anesthetics, insecticides, solvents
for lacqoers and resins, etc., and soine of thein form dangerously explosive
nmixtures xitb air. TIhe importance of such data is shown by the increasingly
frequent inquiries received by the Bt!reau of Mines for information oil thle
!iinits of flammability of various gastes and vapors when mixed with air or
other "atmosphere."' Data oni limits are widely scattered in the litAcrature,
and many of the figures scent eomiiolietorv. In -the followion: ,ages they have
been arranged, eoordimiated, and critically reviewed. The opportunityV hs
been taken to include a nmmber of results t hat have not hitherto been published.
There are now 155 sulubstoanles in the summary of flantnability limits in air
and il oxygen as against 26 in the first edition.

A. C. FI•UiDNER,

Chief Fuels Technidogidt.
Xi1
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LIMITS OF FLAMMABILITY OF GASES AND VAPORS'
By

H. r. C0W ' and G. W. lons 3

PART I. DETERMINATION OF LIMITS

DEFIIITIONS tin presents the results of a c'ritical review of all
figures pliblishied oil the limits Of flammilability

"0 FL AWNI NABI .E mlixturet of gases, suceh as of combulitst ible gases and vap~ors. whien admixedA tt lu
t iault atid air-, 1m41% lie tilltt't withi Sitiaitxgei rohr"tiiS~ee' ts.

01V of its t't ti 1tit i lts of 0iwit il otli Wi'glow Iwi~v it111 Iist andlit quIid hit iists are Riot ('otsiti-

lintil' it is no0 oltiit'l flalitI 4iiihe. l~t' (lilhit ion ered, except ill (one( or two instances ill wInich
limit of Iliiiaiiv rsiiil h iii 41a- tiitct t'oliiarisoi cant he made withi vapors.
nllalillitv is tin' blorl-'rlici coiiilosition at s"I'lit

chaig Ii oT ll((t o ))tiitsafau Iai CONDI IONS FOR PROPAGATION OF FLAJ4E
Illixturle, ill lilt- other dlirectionl a iioliiflalilcbl IN MIXTURES OF GASES

ilThere alt, chatly two limits of flanilal )111 ilitv. SOURCE OF IGNITON
a lowt'r au iid higher, for each pair. of si-tiullt"fl' -ti''(fhato tf'eiitsz n
C0lilloist itit' gases and( suilmhrtiltrs of vombutls" ,t. ii Wenii a isoultrocedo iliatofawa mixfce tusiean
Th'le low', Ililiiit ctrn'spondts to tIle minliiula1. itensityctnIts o incto~ eae weaktn h in ix

atiilofc hwtil gd ~as and the lIiii-t' oralbsil OCI.ee ilnteIlx
uIppvr 'I'inllit to tflie, ilulxiliiinn 111n11 io J ou n fur I , [ lttPillczýllel of st'l -pi'opagat iolu of flame.
busibi~t i gas ('up-'bl od f coiifer'i'iig filaiiiiialtility I li is is often visible ats a ''cap" of flamne, which
onl the nlixturit' For e~lillfor' likfial- hiwl I'large if tlit', source of heat is ample.
,-,It .'nxt ulies these liiiiit, linder liormila I (ohid i lie, flanic~ c'apl fia , he fixed in relative posi11t ion
t ions art', ap pi'ox imiat el 5 anid 14 pec~it to t lit' souirce of igni tion, a., in a muilletr"'. lamne

inuthInne. respect i~vel,'. \I ixtlur(s wit iliin lb.t h tc 1 horniing Ini ii gassy at nioSPht're. or may
lilitsliirae 'illigi nery n (tilil~is ~~but'omt' dtl(achled from the sourc'e and foat fo~r

oflimi ~ts layerit to tign it'elie I glei uili clibiglsii l a iiii di st anc In in movinig atmo1(spie ic, or
oftii torite gs Iidatt I iceot capl r ~ na via Ie a wav 2 or :1 feet from anl -nit iatin~

"self-pi'opgat ion of flaiiit' othr an,'t litnot. spatrk or flamec in a still atmnospidrt' (Z%).
.I 're I.,i teitanI 14 prce'n'it minc alit'e. StIi11 n aeot.cf-propaigat ing, as t hey

how e tt'r, Inavbrn ltmiu oil 'iltact withi ext eli al 1.t eti i , ilSItld Whlen t lie iri fluIViR ieOf th e 8oulrce

air, foi' nhi~xtiit's tin t )waimn less tl ii 14 l1tw' vf lijritiioii is hist.
cen nt' liii' rc e . i n lt'?A~it ~u rit Whon' a \%vtak source of ignition is employed,

gest's11 iuiih'leaef . S l h ol br ~ omt' fiamnialdu' miixt urtes. especially those near
I'lit' t'xleriliielital (lmetriliiiati i~ of limiits of li'iit.mytoiifie.Tesi' o

flammability' is miore tdiffitult thani may lit igllit ion is 1)9t strong enough to be satisfactory
expec-ted. ais is shlown by ilit' colt rattiet-ou' for" the test.
figiii't' reporll d~ froni tuile .to t inic. Thils bull"- *As thle ttest- concerns the capability of the

mlixture' to propagrate' flamie. not the capacity
Lm Dmt to'ltr' r of S:%f, t % i Un ' N im -, R-,rc. %I ntitrmy of Fue'l vi'l of Ilt'e 50111 e tof energy to init iate flamne.ý it. IS

pow'-T. , ;r,'A ltrilum. t, Cl!... Ol,w,",' l ''''~ Iraneit. t'titr..l Expeilunie Station, Italicizejhd nunmhý^r mt jwvnthm-~. r.fr to ltil.biosml~hy mi rod of flbi
BU .a, Mi hwý, l'Iisturgl, i'. ulletin.



2 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

axiomatic that the limits are unaffected by available energy will affect the limits. Hence,
variations in the nature and strength of the it is necessary to make observations in vessels
source of ignition. When statements are made wide enough that the effect of cooling by their
that limits vary according to the means of walls is negligible.
ignition, it is clear that the observers used The observed limits of flammability are
either such strong sources of ignition that the almost always widened as tube diameter is
caps of flame gave the appearance of general increased, rapidly at first and more slowly
inflammation or such weak sources that flame afterward, so that increase of diameter above
was not started in mixtures which were, in fact, 5 cm. rarely shows more than a few tenths of
flammable. Under these cond;tions they7 were 1 percent increase in the range of flammiability;
determining the limits of ignitibility by he many examples of this may be found in the
particular sources of ignition they used, net. the tabulated results in the folowing pages, but
limits of flammability of the mixture itself there are a few notable exceptions. For
(63, 227). example, while the higher limit (downward or

horizontal propagation of flame) of acetylehie-
DnCTION OF FLAME PROPAGATION air mixt jres is much increased by enlarging

When a source of ignition, such as an electric the "L i;.tC, of tile vessel beyond 5 cm., tlh"
spark or a flame, is introduced into a flammable lhiger limits (upward propagation of 1la1e)
mixture, flam.? tends to travel away from the of hexane and ethylene are much reducedl.
source in all directions. In a very large volume Moreover, the abnormal "cool flame" in higher-
of mixture the form of the zone of combustion limit acetone-air mixtures appears to be able
would be a spherical shell of increasing radius to travel upward in certain mixtures in a
were it not that the hot expanded products of 2.5-cm. tube but not in 5- or 7.5-cm. tubes.
combustion tend to rise andhence to introduce With few exceptions, however, the genera!
convection currents. Flame cannot travel rule holds.
downward when the upward movement of the LENGT OF VESSEL
gases, due to convection, is faster than the
speed of flame in a still mixture, as happens in When flame travels from the open end of a
weak mixtures near the limits of flanmmability, tube toward the closed end, its speed is uniform
Hence, near each limit there is a range of mix- over a distance that, depends on the composi-
tures that will propagatc flame upward but not tion of the mixture and the dimensions of the
downward. These may correctly be termned tube; the inflammation of one layer of gas re-
"flammable mixtures," aw it is only necessary peats the inflammation of any other layer in
to ignite them near their lower confines tc the "uniform movement" of flame. Soo,wr or
observe self-propagating flame traveling to the later vibratory movement (,f the flame may re-
higher confines. The gentle convection current place the uniform movement; but this is rarely
set up by the flame increases the apparent observed in limit mixtures. When it has hap-
speed of flame but. as far as is kilown, (toes not pened, however, the simple expedient of hold-
enable flame to travel when in the absence of ing a pad of cotton wool loosely against, the
convection effects it wouid not be propagatid open end of the tube has suppressed any tend-
(683). It seems correct, therefore, to observe ency to vibration witholit qel'lbyiv hiii iderin:;
upward propagating flames when defining the maintenance of constant pressure conditions.
limits of flamlability of gas mixtures; but, for The flame then travels throughout the tune at
some purposes, it is desirable to know the limits uniform speed; and variation in length of the
of flammability for propagation of flame in tube, provided it is long vinough (say, 4 feet)
other directions (33). Such limits whieni de- for the initial impulse ofthe source of ignitiou
termined are included in the experimental to be dissipated, has no effect on the limits
results given in this bulletin. observed tiereifl.

gor safety in industrial operations it is In experiments with closed tubes, however,
generally wisest to consider the limits fox uP- it is untrue that the length of tube does not
ward propagation as the danger line, since affect the results. The longer the tube the
thbse limits are wider than those for horizontal smnallehr must be the pressure attained during
or downward propagation of flame. propagation of a limit flanme(. lwtaue in longer

tubes thle gase's behind the flanme have time- to
SDI.A 1 CF V L cool more before the flamne reaches the (end of

The propagation of flame depends upon the 11, journey. ,ihdtzenberer (So3) shlowed Icnig
trausfer of energy from the burned to the ago that the observed limits in closed tubes are
neighboring unburned gas, and in a jinit mix- affected by the length of tube. In experiments
ture the amount of energy available for transfer with mixtures of 10 percent hydrogen and 90
is only just enough to maintain flame propa- percent oxygen he found thati there was "a
gation; therefore, anything that reduces the maximum length of column of gas, beyond
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which flame is propagated only a short way small changes in the oxygen content of the air.
from the spark, whilst it can be propagated for The higher limit is noticeably depressed by a
lesser l-ngths" (of column of gas). An elab- small reduction in oxygen content, because a
orate experimental study has confirmed and corres. "idingly smaller amount of the corn-
extended these observations (322). bustille gas can burn. Thus, reduction of

the wz' -;en content of the air from 20.9 to 20.6
EFFECT OF SILAL CHANGES IV ATMOSPHERIC percent depressed the higher limit of methkane

COMPOSITION about 0.3 percent. (See fig. 20.)

Humidity.-Some gas mixtures arc exceed- ESSURE
ingly difficult to ignite if they have been (tried
by long-continued contact with phosphorus The normal variations of atmospheric pres-
pentoxide. Such a degree of dryness is peculiar sure do not appreciably affect the limits of
to tile laboratory and is not considered in the flammability, as has been shown both by
present review, direct observation and by deduction from the

Limits have sometimes been dletermined with course of curves showing the variation of limits
roughly dried mixtures in which the partial over much wider variations of pressure than
pressure of water vapor is less than 1 mm., those of the atmosphere (14, 17, 95, 154, 225,
sometimes with mixtures saturated with water 235, 309).
vapor at the temperature of the laboratory. The effect of larger variations in pressure is
The condition of humidity has not always been neither simple nor uniform but is specific for
stated, perhaps because it has been assured to each flammable mixture. So far as is known,
be negligible. Probably the difference is ap- reduction in pressure below 760 mm. generally
Spreciable for most gases only in exaet work. narrows the range of flammability by raising
Thus, the lower limit of methane in air, in cer- the lower limit and decreasing the higher
tain comparative experiments, was found to be limit. T1his change is often imperceptible for
5,24 percent for a mixture dried by calcium the firsit few hundred millimeters' fall in pressure
chloride arud 5.22 percent for one saturated below atmospheric, but thereafter the effect
with water vapor at laboratory temperature. increases until at a suitably low pressure the
These are actual percentages and are equal limits coincide; below this point no mixture
within experimientat error; but, as usually re- can propagate flame (65, 171a, 180).
ported from analyses calculated on a dry basis, The limiting pressure is somewhat difficult
they appear as 5.24 and 5.33 percent, respec- to find, because often it is so low that the
tivelv. For medhane therefore, the true lower difficulty of insuring a powerful enough source
limit is not appreciably affected by the replace- of ignition has not certainly been overcome.
ment of about 2 percent of air by an equal For txample, in electrolytic gas a flame that
volume of water vapor. Tlhe higher limit, how- filled a 570-cc. globe has been produced at
ever, is reduced by such a replacement, because 5 nmm. pressure, and with the same mixture
the oxygen content, which is les thanl the flame traveled through a cylinder 2 meters
amount required to burn the methane comn- long at 8 mm. pressure (66). At such pressures
plet,,ly, is thereby reduced. For example, the the electric discharge used to test the flam-
corresponding higher limits for methane in dry inability was diffuse and if made stronger
and in sattirkated air are 14.02 and 13.54 per- might have produced self-propagating flames
cent, respectively; expremsed on a dry basis (as at still lower pressures. For this reason the
reported analyticaily) these figurs become rate at which the lower- and higher-limit
14.02 and 13.810 percent, respectively (69). curves approach one another as the oressure

Carbon monoxide shows greater differences is decreased will appear to depend on tie
thani methane. The lower limit of carbon strength of the source of ignition, unless the
monoxide in air saturated with water vapor source is carefully mside -trong enough to
at laboratory temperature was 13.1 percent insure ignition and the vessel used is large
for upward nropagation of flaime in a 2-inch enough for the flame to travel such a distance
tube; if tile gases were dried by passage over from the source as will enable observers to see
4alcittin chloride, tile lower limit "bec&tne 15.9 whether the mixture is capable of self-propa-
percent (70). Such a large difference is excip- gation of flame. This has not been done, so
tional. perhaps unique, as moderate drying the course of limit curves at very low pressures
of carbon monoxide-ir mixtures affects their is unknown. in attempting to discover the
Wnition temperatures anti flame speeds more course of such curves, the difficulty of ainn-
thian it affects them, properties of any other taiiing constant prtssure during the inflam-
gas hitherto examined, marion will have to be surmounted. However,

Oxygen Content.-The lower limit of meth- it. is almost certain that whatever may be the
ine-air mixtures and of some, probably all, exact course of tile curves they do approach
other mixtures is not appreciably aifected by and ultimately meet as the pressure is deieased.
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Increase of pressure above that of the at, propagation of flame. The argument. was sup-
mosphere does not always widen the limits, ported by the discovery that for lvirizontal
On the contrary, the range of flammability of propagation, in which the flames could not be
some mixtures is uarrowed by increase of retarded by convection and might even be
pressure, so that a mixture that can propagate assis;ted, the lower limit of methane in air re-
fame at atmospheric pressure may not be able maiined unaltered between 760 and 5,000 mm.
to do so at higher pressures. For such mix- pressure, and the higher limit was increased
tures the lower limit may pass through a mini- even more than for downward propagation
mum and the higher limit through a maximum (277).
at pressures (not. necess~rily the same) equal With only one exception known to the writers
to or greater than that of the atmosphere (277, (104), all Ideasureifelits of limits at pressures
324). Details are given in the pa-eagra pls on above or below atmospheric have been mxade in
the effect of pressure oin the individual mix- closed vessels, hence the results relate to pres-
tures, more especially those of air with hydrogen, sures that increased at aii uikn~wn rate and
carbon mtonoxide, the simpler paraffin hydro- to anl iinkiowit i aount dlurinig tihe expevrimlenit.
carbons, natural gas, anld ethylene. The rate anld amlount. wouldl Vary vi thi the size

Attention may be called to the observations at)(l Shape of the eolitilner.
that the range of flammability of hydrogen-air Tfhe sanie critictism applies to o",periments in
and carbon monoxidle-air mixtures (downward closedl Vessels wheit the pressure is initially
propa ation of flame) is narrowed at both at-ios phieric; the results obtajined tire a function
Iimitsby moderate increases of pressure aboove of the lengthI of the Nvessels usedl, as this governs,
atmospheric and that under the same conditions in part, thle r-ate anld amount of pressure
the range of each of the gases of the paraffin developmient (63).
series, with air, is narrowed at the lower-liniit
side (by moderate increase of pressure beyond TEMPERATURE
a certain critic, I value) but widened at the
iiigher-limit side. It has been suggested that To propag~ate flame, th~' layer of unburned
the loss of heat bý --onvection is greater at high gas next to the burning layer must he brought
pre&sures than at iow, 15 (density differences aire to such a 'mn11perature that it will "burst into
greater at high pressures, therefore that the flame'' ra': d'y. If the unburned gas is already
range should bte narrowed at both limits wihien at a tempevrature above that of the laboratory,
flame is traveling downward. T1his . -ild ex- less heat has to be supplied from the' burningl"
plain tile results for hydrogen ',both himits, layer; therefore thlt lower limlit should be den-
moderate lpr.'stsres.), carbon miowi)xidle (bothi creased by increase of initial temiperat ure and
limits, all pressures), and the partillinl gas;es thle htiglur limit should be inereilsedl, In other
(low limit onlly, modleratvtressures). Super- words, thle range of ilanunallbihily should be
posed on this effect is anotvr, however. A(-- -%idlened at both limits by increase of temper-
cording to the law of miass4 Action, and assutning ature.
complete oxidation in one( stage, the rate of Exp''rirnitnt has shown that, for miost mixtures,
reaction at conistanit temnperaiture is greaitest ill there is at straight-line relation betwee~n thme linit
methane-air mixtures when 313A percent. meth- of flamuialbiit v and the initmial tenliperliu ttre of
ane is present The inass-actiomi effect be- the mixture (358). This relat mu was obscured
eollies a more imp~ortant !Vctor w; the pres'sure i n earlier experi1ments by error due to slow
is raised and hence tends to raise the higher conhibust toll, Which chauiged the composition of
limit in methane-air mixturvs with incre~ase of the umlixture whilt' it waS "In thi' heaitAd ivesse
pressure. A similar explanation may beý given and before it was tested by sparking. Tlhe
for higher-linit eurves of the other paraffin saumme error presuntably explains tho-w re-suilti
hydrocarbons. For hydlrogen and carbon men- if, Which a widening of the rangv of ilainmna-
oxide, however. the massi-action law inidicates bility was hlot ohise-vedl.
that the 66.7-percent mixture has the grvat.'st 0rdintiry variaioitios of laboratory temiperav-
rate of reaction at, constant tentperai nre. As ture have: no( appreciable effect onl Ilunuts of
the higher limit of each of these gasesK is Above fiamn'l abil t Y.
66.7 percenit, the effect of maFrs Action would M OC
not -.end to reverse, the effect, of convect ion TfU~C
(V77). The mocre re'ýenitly 'liscovered rise in Few obsuervat ions have been mnade onl the
the higher limit of hydrogen At pres'omres fro~m eftect of turbulence onl limius of flanuinabihit~y,
10 to 220 atmospheres calls for explanation but it. It" breen shown that thle lower limits of
along other lines (14, 17). niethan' anid ethiane in air art, reduced ;omev-

'1'he foregoing argument oin the inifluence of what by a suitable aimilnt. of turbulence pro-
convection on the limits of flanunabihity was cluced either by a fall or by strewn movement
applied to results of experiments on downward of the mixture and that Lthe range of flaidnia-
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bility of ether-air mixtures is somewhat widened in the series; this effect is enhanced in the
by stream movements, narrower tubes because of the greater readiness

Turbulence caused by fans or by the detona- with which helium conducts heat oiom the
tion of explosives affects the lower limit of gases to the walls of the tube, thus cooling the
natural gas somewhat. (See the paragraphs flme in this way more than do the other gases
that deal with these mixtures.) named (.94).

From curves showing the effect of an inertLaIITS IN AIR COMPARED WITH LIriTS IN OXYGEN diluent on the limits of flamimable gas in air,

In general, the lower limit of a gas is nearly it is easy to deduee (1) the minimum percentage
the amein oyge asin ar, ut vry e~v of oxygen that will support inflammation of

strictly comparable results are available to th miurorhe axumpmsibef
show whethier small differenlces exist. Thle it is desired to make a nonflammiable mixture,

lowe liit f mthae, osered ithcenral (2) the minimum percentage of inert diluent
lowr imi o mthaeobsrvd Itcera that must be mixed with a combustible gas

ignition in a globe or with downward propaga- if it is desired that none of its possible mixturesIion of fiamie in a tube, is rathier hIrher rin oxygen with air canl propagate flame. Many examples
than in air- (;267, 271), Jpresuinitil .'bcus h are given later in thle text. A graphical method

mean molefcular heat of oxygen is higher than of ddcn uhrslshsbe u owr
thatof itrgenbeteen oomtemeraure by Burgoyne and Williains-Leir (89), withand thiat of a limit. flamle, say, 1,2000 to 1,4000

C. For upward or Iiorizoiitil ropagationl tile tabulated results. Froii these, with thle add-
lohan inmir;o eth ae is [ligh les i oxge itional kniowvledge of tile limits in air, it is

lowe liit o mehane sigt ~ s i 0\3~.n possible to make a more or less accurate re-(271) Tini;tl ammonia limit is inarktdly' l osrcineftsfamaiiyliisuvs
(27). I'l(,higher liimitsi of aill flammnable .gas-es cntuto ftefaniblt-ii uvs

are, m1uch11 Lreater in oxygen thain inl ai;; lielice M['rURES OF FLAMABL GASES AND VPR
the -lange of flammnability is always greater in -

oxygen. A simple formula, of additive Character,
was adlvanced by Le Chdt~elier (218) to cumiect

EFFECT OF CHEMICALLY INERT SUBSTANCES the lower limits of two gavsws with ..:.e lower
Theaddtio ofinevitmiganvtins o a limit of anly mixture of tklm. It is

chemically inert siibt atinec to tlhe atmnosphetre "l __ =1
causes the; limits of at gas to III) ronch1 1 and tilt i- Y1 A.2J
mat(clv to meet. MAny11 exampleli(s en n I a founida in which N, andl N, are the lower limits iii air
inl theJ following pae, but tile mio(st compiIlete' frec oiis begssprtl n
series a vaiiih!tie is for natioialle liminits, itas ifllis- and it, are the percentage's of ec5('i gas in anly
trated ]in figuires 24 and 29. Tihe ex~tinctiv~e lowerI-lmit m1iNWt teOf the two in air.eflivacies of tilie five dliluentts, Cirlali)o te It ii The foriiiula indicates that, for example, a
Chlor1ideý (110)011 d i0Xi I . n1itI~gl i 'Iitl, he niiiad mixturi e of nir-, Carbon monoxide, an rid h Irogen,argon, decrealse in lde ori letl gi ven. that is which ColitaIlls (me-quarter of the aimount of

({t (A,> ~> t,' A.Carhboli inotioxide and three-quarters of the
aniotmnt of hydrogen necessary to form a lower-The !experiments giving these, estilts were limit. iiiixtutr'e, will 1we a lowver-limtit. mixture.

Carle val ot ini I abts of .5 ('11i. d izittietetIl. Itiot als If thev forinutla is truev, tlit( lower limits oif flamn-
of 2.2 ciii d ianieter the ordler of thie last four nialility form at se~ries of flammability t-quiv-diluents. for several comabustibles, is (3,1): aln -for Ih indiidual gases of a mixture

C(½>i11v>N.>A. - (6-;).
Thle formula also :'dicatps that lower-limit

In st'illnarrower tit bs, 1.7aiid 1 .6 cmi.diameter, nixitures, if mixoI in vproportionis, give, rise
the order is (114 2S5.4: to mnixtures that are .1ý-at. their lower limits-

l~e 'CU>N,>A.or. vimce versa, thet ? ''tiila miW ay heledutee
from the( latte'r "'i is a pstulate (64).

It. will IIe neen that thle ordler CO:>N,>A i.s Thel( formnimhi gemnemrflixd to apply
the stamie titnial exi-crimneits, ')il. d int hlv ' mn to aiy iiumiber of c,. bust iblov gat-s, thus:
tenids to lise in efficacy as' tOwe (iallti(l ci of tile
tube. inl 'A 1dl] thle m'xpv(rimsitits rtir miatde dec-+
creaHSes. The~ effects of carbon ti-traeebloride, N 3 +N.
carblon dioxide, water vapor. nitrog('n. and and, so far as it express"e experimental re. t~s
argon eorre-4ponia clost xvwith fi thir qrclivgh trualy, may lbc, appl~ied to hiighmr-lnimit inixtiures.
heats. hut tin' very lI ghi Ihermial eonunlut ilim w~ilt 11w ha' apJirf)Pl'ia( rcwNOrchimg of tile (left-
of heimtends to) giv'e it anl alnormaul posil~iet nit ion of N, aiud it,.
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A small algebraic transformation gives a air-argon, and air-helium mixtures, except near
more useful formula for calculating the limits the point at which lower and higher limits
of any mixture of combustible gases that obeys meet, where the proportion of inert gas is large.
it (64), as follows: It holds also for mixtures of hydrogen, methane,

and carbon monoxide, in a wide range of
L = 100 mixtures of air, nitrogen, and carbon dioxide,

P, + 11 - ... and may therefore be used to calculate the
N3  limits of flammability of mine-fire gas mixtures

in which L is the limit of the mixture of com- and of the atmospheres after a mine explosion,
bustible gases and pi, P2, P3 . . . are the pro- of blast-furnace gas, of automobile-exhaust gas,
portions of each combustible gas present in the and of the gases from solid explosives (133, 367).
original mixture, free from air and inert gases, A brief account of the method of calculating
so that limits of complex industrial gases, such as

pl+)2+p3+ ... 100. those just mentioned, follows. Greater detail
An example of the use of the formula will will be found in the original account (133).

The chief gases in these mixtures are hydrogen,make its application clear: The lower limit of carbon monoxide, methane, nitrogen, carbon
a "natural gas" of the composition dioxide, and oxygen. The procedure is as

Perceng Percent follows:
Methane -------------.--- 80 (lower limit, 5.3) 1. The composition of the mixture is first
Ethane ----------.----- 15 (lower limit, 3.22) recalculated on an air-free basis; the amount
Propane ---------------- 4 (lower limit, 2.37)
Butane --------------.---- -I (lower limit, 1.86) of each gas is expressed as a percentage of the

is given by total air-free mixture.
2. A somewhat arbitrary dissection of the

L=-- 100 =4.55 percent. air-free mixture is made into simpler mixtures,
+ 1-+ 1 i1 each of which contains only one flammable

Eas and part or all of the nitrogen or carbon

The accuracy of the formula has been tested dioxide.

carefully for many mixtures. The results are 3. The limits of each mixtuCe thus dissected

discussed separately in the appropriate sections are read from tables or curVes. (See figs. 1

later. In general, it may be said that, while and 2.)
the formula is often correct or very nearly so, 4. The limits of the air-free mixture are

there are some marked exceptions. It seems calculated from the figures for the dissected

that the limits (lower and higher) of mixtures mixtures obtained in (3), by means of the

of hydrogen, carbon monoxide, and mnethane, equation:
taken two at a time or all together, and of water L= -- - --
gas and coal gas may be calculated with +' .\-2 +3
approximate accuracy (64). The same is true NANAN

for mixtures of the simpler paradfin hydro- where P1, P2, p3 . . . are the proportions of the
carbons, including "natural gas" (74). tome- dissected mixtures, in percenitages, and NA, Nj,
times, however, the differences bcetween calcu- and A3 . . . are their respective limits.
lautd and observed vC& 4es are. vry large; for 5. From the limits of the air-free complex
examples see figures 56 and 57. Maity of the mixture thus obtained the limits of the original
greater diwcrepancies are found with upward- complex mixture are deduced.
propagating flames, esp, Ciaiy when one of the The following is an example of the calcula-
constituents is a vapor, sueth as ether or acetone, tion applied to a mine-fire atmosphetv. It
capable of giving rise to the rhenomenon known contained:
as a "cool flame" (355). Ie Chatelier's law is - _

useful when its applicability has been proved, ConMiluent t' AfrftaC. Per- Airflw.
but it should not be applied indiscriminately. v,;.I p 'o~t rf.

Limits of Industrial Mixtures Contai. sing .. 1 .F t M..

Hydrogen, Carbon Mo.ox.~de, Methane. Nitr,- oiyt ,, . 3. 0 ., I ,I r .... 4, a. 7

gen, Carbon Dioxide, amul Perhaps Air.-An ex- C(ar)n rwn,,osIdt" 1 j .o0 NJUmn --------- ] .. ss.
tension of the law to apply to other atmospheres
than air (95, 271, 272) is that, wheni limit 1. The composition on an air-free basis, also
mixtures arc mixed, ',he result is a limit mixture, given above, is ,)und thus:
provided that L11 constituent mixtures are of the The amount of air in the mixture is 2.8X
same type:; that it,, all are lower-limit mixtures 100/20.9= 13.4 percent. The air-free mixture
or all are higher-Emit mixtures. This law holds, is therefore 86.6 percent. of the whole. Whent
for example, for methane in a range of oxygen- the original amounts of carbon dioxide, carHn
nitrogen mixtres and in air-carbon dioxide, monoxide, methane, and hydrogen are divided
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8 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

by 86.6 and nultiplied by 100, the "air-free" 2. The flammable gases are paired off wit.h
percentages are obtained. The nitrogen figure the inert gases scpuratcely to give a series of
is the difrerence between 100 and thle suim of dissected mixtures, as shown in thlt following
these percentages. table.

Ratio of Limcits froin fig. 1

Cob~tbePercent CC) 2, . N2, Total inert ito
Cobstbepercent percent percent cocutucsN-

tibic Lower Higher

Co --------------------------- -------- 1 22.5 & 5 ~ 61 73.0
CH - - -- -- --- -- - ---- 8 ::- -- -- 0:) 24.7 ?5.5 361 41. 5

HS------------------ 5.7{ 3.0 ----------- 31.2 .34.2 10. 4 50 76. 0
H1 - - - -- - - - - - - - - - - - - - - - - - - - 15. 9---------1g. ( 5.9' 32 64. 0

Total ----------------- 14.5. 15.9 69.6 100.0.............................----

Some discr:imination is needed to choose am- priate factor inl the filial stage of the( ('alcula-

pro'riatec quantities, but a fair latitude of tion the result. m1ay be greater than 100 for
choice is Usually available. each limfit; the original mhixture is tlceci inlca-

3. Thie limits'of thle disso-ct~ed mixtures, from pFable of forming til explosive mixture withi air
figuure 1, are shown inl the last two coluians because it conitainis too inuch air already.
above. 'For exam plI, the, first mixture contains Finally, if thev lower limnit of the( original mix~ture
5.0 percent of carbon monoxide anil 17.5 per- is less thanl 100 Mnd the higher ltmct greater than
cent of nitrogen; thle ratio between its nitrogen 100. the mlixture is flamina1alde p, r ,:Ie and ~ml
and carbon moiioxido~ is 17.5:5 .0=3 .5; and the explode if at source, of Ignition were present.
limits from thle 'iirve for carbon monoixide- About 20 examiples, whichi Cover at wide rang1(e
nitrogen mixtures are 61 perctnit (lower) and of indlustrial gns(-. hacve been tested (133) by
73 percent. (high''~r). expeimen,11ct. 'Tlce CalCuili~ld anld Observed lini-

4. Thle values in the last two columns and in it,- ag~ree wit liiii 2 or 3 per-cenit. excepting, onle
the column '"Total, perce'nt.," substituted inl thle higher-limlit. fiu foi- at ncixitire that conitainled
equation, give the two limits of the act-free anl Unusually large altioumi (nlearly 24 pervt'iit)
conuDlex mixture, cal-ilated to 0.5 pwerent: of carbon dioxide.

Extension of Mixture Law.-Thie conibust ible
Louer i-lmit------------l-~ =43 iw'recnt, gases Covered by thet examlples. just, givenl are

6)ý. + 24 * -3. + l-4ý iNdrogect, carbo'n mionoxide, and iniet anle.
31, 5l 32 tlhI Iivecessarv dat a for the limiits oif et hiacie.

100 ~vcihlne, and( becizene art, available (fig. 2),
Higir lc2.i 2~+2t7 +N .2 61 pecent and these three gases have been inicluded iHijrier imil= (i + '.4 titcalcullat cons of the limits of Coti , nlex indistri'al

73 1 . E4coibiust ibh's, sucht at- coke-oven gas, coal gits,

Th2Ie rang(, of fliammability of tiac air-free cor- carbureted water gas, oil gas, anid produci(er
Plex mixture is therefore .43 to 011 pqer'eit . gas ( 136).

5. As the air-free mixture is N6i.6 p('rc'tet of Safety of Industrial Mixtures of Games-lf a
the whole, the limits, lin air, of thet minlie-fire Complex mlixt Uc' of coinbist ible anid incoca-
atmosphere are 43Xl00(-iSt;.6, acid 1 X 100-t- bust ible gwwses such it. ioily of those just dis-
80.6. or SO andý 70) percent, respect ively. cuissed, is fitlammable pc r st or is caubeof

Thle novices difficuclty withi such; calcula- forming flainnuti hi.'ixtures withi air. thle mnini-
tio"~ is inl sinag,, 2, where ait app~ropriate amlount nMUMa imoicilt of inunibiiiihtibtilht gas that will
of inert gas has to 1w chiosell Wc palir with (-ealh rec ider it nonlflaivninaltcl anid also I ncapable of
coinbust dde gas in turn. The ratio of inert to forminicg a llammnlable mixtutre wItit iiair call be
fliznmgialce Pg.4 cnc1st Tiot. Ime o high that thle Calculated by a Small11 (filld justifiablde extension
mixture fal~ls outsih"e the extremle !ight of thle o! Le' Chaiatier's la\w. This procedure also
corrvpomidiiig curve lit figure 1...A little prac- gives!- the ma~ximumn percenltage' of oxygenl below
tice will sonit overcome this diffieculty. which., all possible aiixt Nurces are- non'flatmmable

It nleed ornly he added that, if thle amount of [(62. elalxwato'd in (2 ' ). A somewhait elaboiratA.
inert gas is so great that a complete series of g;raphic miet fimd of aSCIrtaininlg tilt- flamm111ability
flammnable mixtures cannot be dissected, thle of t riple mixtures of combustible gases has been
air-frfW 1miXtUI time isot- flacunaclde1. Mloreover, given (15).
the air-freev misture nat liv e Ilamiunable, but Theh putrginig of gas-mianufacturing plants and
wheu its limits arc multip~ied by the appro- distribution miama by the use of carbon dioxido
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or automobile exhaust. gas or specially prepared millimeters long or by drawing thte flame of a
iniert mixtures of low oxygenI content call be small spirit lamip or a jet of hurn:ng hydrogen
controlledl by applying similarly dieduced data. across an aperture in thle ob~servationi vessel.
A full (lescr:pt ion is given lin reference 329. This aperture is conveniently made fit. the
Data for parging with steam are given in moment preceding ignition by gentiy slidingreference 368. away a ground-glass 'plate that previously had

seale the vessel. When gases of small solu-
SUPPRESSION OF FLAMMLAB=LT bility art' tested, a w"Aer seal may be used fur

A flmmale nixuremavliereiderd ton- this purpose. For a few gi~es 'a small tuft
Aflammiable mi(axasutur ay e rnetiredsA inth of guni~cot toll fired by a spark or heated platinumr

amiount of ei'ther constituent, (b) the addition wit samr eti en finto 83
of asuiableamont f chmiclly ner 71a); for a few others, anl electric spark site-

st ance, ble (C) uth adton chmcal iner ;ljil) cevets in firing thý, mixture when a flame fails-
stane, nd c) tle ddiio tof eiet' flnlthi', (132). Ignition attempted by an electrically&tb~ac i sucin amolnt leat-ied wvire may not always be reliable withhigher filimit of the resultant mixture. It hats Mixtures near thie limits.

beent suggested (14)) that the( last-namled mlay
be advantageous and te'chnically feasible in Bureau of Mines Apparatus.-An apparatus
('ertain circumlstanices whlen thle 11ddedtlan1111111- uised for inaity of the dlet ermiinat ions madle inl
ble substancie has it low~ Iliigltit' limiit, of fiamlililn- the~ Bureau of Mfines laboratory and reeorded
lbilit.v. For example, the mnixture of hydrogenl in thle following pages is illustraited in figure :3.

aldarconltain11ing just. enough oxygeii to burn It i-A specially designed for determining lImits
theh~'rogu cmpltel ~ 1)ttt' .. 9 h'o of vapors of liquids that are stufficiently vola-

geti) becomets Unont!111amable inl tlmal mnix~ture's Iit tilat laboratory temperat ures; it canl he*Smmphi-
conttainting 86 percent of atir, or 63 percent. of lieti for gases, but must be elaborated for the
IIroVditO'n or 67 percenit of nitrogen, or 10 per- v trrs Of let's-volittilt' liquids.

cento~ et ane figure :3. a is the awlass tulbe in which the
mixture is tested. Its Tower elt 1 is closed bV a

CHOIE O EXERIENTA CODITONS lightly Ilubricated~ groumid-glass plate b., sealled
with mnercury r. It is evacuafted by a pump

Inl the light of the pretceding (1i 'ussitml, it through thet tube j. Thet vapor undter test. is
scents a tlitiits of tlainnmial,1i~v are phs dlrawni from its liquid inl the conitainlet . ,Inl
chemiclal constants (atl dtefined teitlhptI'ral res amount nwasurvid bv thet nmanomneter k. Air
and pre"Ssu,0s) of gaises linkI vaponi ft hl telta bte or othe'r ''atmnospfiem'e' is then admit ted
dett'riniuied when obyseivatio, ar 11ad %%'itIl throtigh thel dryitu lt: wbc q utint is tmospheric

uImescent. iixtutres inl v-cssts of largt enmoumgh pretssu~re is, reached. Thle air- atid vapor are then
d imenvsionls, wvith ignition froml below (atild. if t olgilloug alinked by circulationl, by sulit ably
desire'd, at., oither poinlts) and with fmalintenanclie ailsiig, aniu lowerinig the nivrcury vesselw g
of tomistant.t Pressiti~ during the experiment.. repeatedly for It0 to 31 inimtmitt's. de pe-ulding

A snitwlmit.wid ext'reiie hs sownlis tpoil Ilt'e tdensity of the atitled coin)1 id
if oblservattions are muscle inl a vt'rticul titlIe 2 vaor Th'e mntiv rv seal is then removed, tile'
incihes Iin tlamnivter awil 4 to 6 feet inl hei~iht, thle glass, plate b is Alid off thle imlbe', and thle Hlam-
rt'stilts art' neari, but not 1uit1% thet Samle Its imimiltilit v is tvsit(tl abmtst at the samte itonient
those' obt aiiietl, iii muh Itarr apparirat s. bY sparkitig at y or by passing a small flame
Uinuits eebse'rvd inl smaller apparatuts- for iteomi tilt- openl end of thte tUbe.

exa p~',tubs o Iineb tiaiie.'rorlt's at' Special Conditions.-An examination of the
listlal %ignilifanitly- mist-rer. IResilt s ohl-. el~ectm of Ie'miperat t-i' onl lintit" of flihtnmmshility
Willtd inl smlall, eilise'd t tiles often dfiffer so requlires SpecVial arrugnit rmt'ts for hit'st ng t I r
inutli from normtal results, antd t'vei fromt one coeimz ti'tet vvstL. The'st' are not diffi-
anothetr, t hat they mlaY be very 11iisl.'acling. cmii to providec. To exainint' the' effc't' of

NI xtures for tt'st art' matde inl gwAlltddtrs over prrc-sscre is, Imeewever, nittch more difficult
water, mercury, or othrr stiit ab it' liqtiid ix'frct Iiccall-e of thle prthlt'iit of avoiding, harp' inl-
introd uct ion inito the test ap paratwtis or tie c reavses of pres.sure clmirimig (antits~ at resuilt oif)
arr maide ;a Ilt'e apparat us Itself by vmi rtxltit'iii the i1mif11ammat ion11 Afe'w ''xpcriiiieits kayv.'
the vonmonients se'psrattely &tnd using some howe'ver, bteen mathle ti lt tl I." 'open"' end of
mnixing tlevicev or thiey are inuide ) by siomppying tiii' test t'slin conneet ion with a very
constant mtnetre'd streamis of thv conlixiitnts mtmt-ch largc'r vessevl full of air at the'- same pres-
via sl)mIe suit lable mixing tdevice. ;tirtl a,- that of the niixtutre tunder iiest (10-4)

Effec-tive vultiolt nut tisail[" val he olbtainetd \lost of our inaformiation ablouit pressure t'ffercts
equally wtell by pasing antiltc'.ctrit' spark from oil limit-' relaites only to lie', pressure of the
all incitmet ion ol l a froml '-intl' tom1- iixtutre' brofter: lilanmi'ust "Ion
inch'' as convtenitent) across a gap several flT'e limit.. of turbulent mnixtures have us-
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PART RI. SOME THEORETIAL CONSIDERATINS

Nobody has succeeded in calculating either hydr-.carbons the ignition temperature fall's
a lower or a higher limit of flammability of rapidly while the calculated flame '-iporature
any mixture from more fundamental phyvsi- of the limit mnixture rises, (2) there is a barely
cocliemical data. In general termis, the pr~ob- measurable difference between the lower limits
1ent is to express quantitatively the fact. that~ (and flame temperatures) of n- and iso-octane,
there comes a point lin t11e pre(rressive dilution but a very large difference between their
of a flammable mixtur whe tlie production of ignition temperatures.
energy (including that of atomis and radlicals)-_____________
is no logrsufficient to iniflame a neighboring Fke Into
layer of unburned mixture. 1:3dobn lmt - eo ueO

Somec at tempts already made to relate limits re~ ry limit mix-
of flammability to simpler data may be men- MUM -___________ C. .19''T -

tioned. Long' ago Ilumphry Davy- (78) a.,- ,. . . . ..

cietoits greater heat capaciity Ith superior w-Butaw.-............~ --------
I 'na~.................1.0 1 34M 6 7effect. of carbont dioxide in renderigme ilane- ------............... I46, 1.508 275

air mixtures nonflammable; this con-clus-ion has :-etn..............1 126: 1.30 35

frequently been supported by observations with i ................. ....i------- 1n1 1.0% 3

other flaninabie mnixturtw. legnauilt and -I____

Reiset. (4921 drew attention to thet differentr The heat of combustion of a limit mixture of
ability of hydrogen an~d oxygen to render most gases and vapors is enlough to raise an
electroly tic gas nonliu~ahle: they aseribed equal volume of the unburned mixture to a
it to thie (different inobilit it's of thesti pses or temperature far higher than its ignition tem-
to their different. thernial cotiduotivit its. As perature, as usually determined, but probably
these, gases are, not chemiecally inactive toward not as high a; thie temnpirature necessary formi-
thle Const it uents of elect mhlviic gas. c~i'oinial fluammation within the very smal fract'ion of a
effectsi inety play a part. More recently , soine sectond ecessar to insure'propqrstiton of flame
comiparative experinkents Withi mixtutres Of at thle observed rate-s in liatit mixtures, Thisý
miethane and atmospheresi comtposed of air and and other considerattions, have led Egertonan
equal volumnes of citht'r arion or hliumll hlave Powling (941) to the comclusion that. continued
proved that, when heats of react ion, rates of prpaaIon of flamie depends upon the tempera-
reaction, andi sptecific he'atst art' tequal there is t ure otfathe flame being sufficitent to maintain a
still a large differt'nice inl the' lititis it (lthe argon cetrtatin boundary flame temiperature which
wiad (lthe heliuim inixtureF.. This dliffrtenice is proivides a certain conctent rationi of active rad-
ascribeti to thet different. thermal conductivit it's icals inl the bountdary region; an1( tha~t infiam-
of the mnixtutres (6~9). mnat ion is protiticed in tile uu1i"iirMelt gas mainly

Bunse'n (-`V, 27) at iciupteti to calculate bv the' raditcals dterivedl from tilte flaim, that. iq-
imit ion tenliprattures of gas mixitutres fr-mit ontly iaditreetiv by the lieat oif the flain', 1lot.
Atfeir limit s of thuninabiiit v, Witli tle1 aidt of di'e'tl- y h) feat tranlsft'relice froimi thaine to
lint Atsof ruitHtion and spec ific he'at s. ulessumed( unburned gas.
thiat lthe lit-lit produced bV tin' V011ubu.t iOl Of The lowt'r-linit mnix titr o.' hydrogen in air
ont' layver (alheatvlichatedi, befort, burninga, to prodluces for too li:tile bt'at to anise the mixture
its tiglltion tttIKrt tir)ws transiiiit te to titlie Ito its ignition t'miperat i~rt, vet Halaite will travel
m'eir'bboring unburut't laiter, Whic'h uwas infln4ti Ie upward 1 tnoih the luimit mnixinre itdefinitely
if &Y~ heat thus transmiit ted suifficed to rai-A it ((u,). An xHuilat ion of lthis has beenl given by,
to its igilllit~ ion tt'Vntpent tre. The reverse F. C 4ldmamni (115) at 11. liarteek *s suggestionl.

proeeti~re- 4'tlciat n 1tdiltion limits from 1The flame in thue limit inixi urt rjses. as a lumi-
tile igi nteinwtuprat os detetrilnint'd intlpeiwnt- notls ball or haills. eon utining only part of' the,
ently- -has., often twetn wtvmt'mpted. but the hYdrogen. .1 , thet hvdrogeii Is consumned, fresh
resu'hs &1iow only thatt thert' is no siniple hydrogenl d&; tse-4 into (lie, flamne more' rapidly
relation bet wren lIM-its anti1 ignition teitipera- tfinn tflt otýicr gac-s; th'krefort' the mnixture that
ture%. For example, as shown inl thle taoe is hurning is4 not 1lit same as that in thr rest of
below (94). (1) lin tht series6 of tionnol paraffin the contaieriig vrs&'lk-. This explatiation is ren-
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dervd highly probable Iby liii observation that 3. White (853) found approxiMately constant
partnicls of finely divided plat ii-11rn or palladliumn calorific valuesA for I1I of 12 volat ile solvents, for
"mayv he maint ained red hot byi suspension Iin a WPUiop~tion of flame upward or downward III
mnixtuiire of 4 percent iiv d roge~ti and air. Corn- I OWel-imtit mixtures or downward in higher-

buist ion of thet nulxtiore produces, a temnperatuore Ilinit, mnixtures; the valuies were different for
of less tiani 3.500 C., butt the high rate of (difll- dfifferent, directions of lpropftgatioli of flaime.
rajioa of tIlie h d,(rogven ettalles it far higher terni- carbon (listililte was thle exception. Fior the
permit re to bev maitintaineil at thie iret attic sur- others, tile products of combustion were similar
fitev. (nitrogen, carbon dioxide, water vapor, ete.),

Although this exploilmationl of thle mevchanismn and tile tellI perat Lres attailned were ilpproxl.-
of fanime propalgat ion in hydrogen-air mixtures miatety equal. livi ene lie effectiv weignitionl
is entirely itevept tille, it seemis undesirable, timid temperature for Propagatioll of thlime III hiest'
possibldy diingeprotis, to accept (ioldniannis t-on- mixtures seemls to he approximately consi ant,
clii ion Ithat t lie t mu c limits of 111 n inlabil iit v are for tile samne itirect ion of prWpultgilt iii! of liihi h.

those for downwINard propagation o~f flamei(. If The( observed Ignlitiont tellipteriltiiies of these
go, it 6-p ertent hiv drogen-mtik. mnixtutre and a vapors vre muchel lower, Presumnablly leteci ise, ill
5 ti-pereeti t tile tliii tieir lii litil- CeWolil ( be thle ir aetertinti a olt, a ilit ic Ii ou gil' timle is
(vwI et nIte as i mit fil niniial d e. Botiil thiese in ix- a' a ii loe for igilittienl tb an is avaitlaIble whte ii
tii iis propia gt e Ri ome uipward inddi ilitiNi ely l fu la moe is set f -propagoit ili, thrugh iti I aiilix ttilre.
if i-niliiet lie ar tit lethir of it cilosed rooim wtoul d 'I'llo i efective ligli tiitol ti-inpi) vattire for dlown-
lprod~(he pressuris of the order of I anid 4 at- ward propagiationi for tilt I I hiok u!ts 11id( for the
hi.] dieetis. rollect ~ti.\ ando inleti n t emlpe a- first 5 paallol I t0~itt for efit Y i e.litvl pro tvile
uitrs oif tihtout 3t500 anidi 1,2t0 C. Such butlylt'ti, 111111 ction ltu totitxide is tilittit 1 ,400'i

cottihil ioiis4 would hurst windows 1ti1d burtn mn.n C'., too orrected for radtiat ioni losses. Tile
It is invoncveivioh tit t liiitmi 11vo ittiwhlio hias seelt a figures are lintie h less for'U hit r I iIngen, hyvdro-
S ti-pw 'I'elit I1 viitlii tie-m1iir Ialiiv t City thin lg ip a getl Isaltitle, antI acetylenle.

I( tuith mouhld titnt thtis hiuixintire tiotiflitili- Whien thet ittititit tenilperat tire of thle mixtume
itfilstiiwiirigilh. &isjit W it, seh ev eral hit ii I ioi dt -rvvs (3 10,

Ma~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~i)tllr (?lanIohi-121iot tttmtd it i i'Iies wlt %vidllt itit told thei re forethe ii
Mallrd indothe-4 2P)hav 1MVllp(A untof COnihbust l iot iat ech limi1t wits los;, biti.

to dviottie littit.s of fioiiiit111iuhljt fromt tttl-NtS thet tw.o fievtors tusttaldv hithonceed etteti other so
sltiowin g tlit, .pvvd of ptropagat tion of tfn nit . for that t lie flu11liiv ten ipe -tratai of the hiin it in ix t-iire
ex irn pie ill asore of linix tuit'ts of tntivii mute anld re mnii t CletIco st iiitt 'F This %il s true for tit leItw t
air. ltv ext ralipli'ing tot z010 spi-AtI le ih- intiti of intiettimite. eth1Vvhle io cetvliie, and(
thouighit t tjnij 11ie comlpositlonls of tielit, itit. pvelitatue iluth for t 11e1 higher liis flivii tgtti

miixtutres. 1)ut lin a limit utli. ;it- tile speed of ltin Ctarhoni nIotioxide. The lower-Ilimit tvin,Iet-
filamet is byv no meatns t.ir. t ores of hivthrttgei rose itcanIv 10t0', antI t hosie

A few regiilarit ies, set forth i tinlte following of ealrloj silt ionii.Ni(le fell netirly 100 Itit a tili!
pa en gritphis, hiaVe bee di-t tiiov tredh oei,0111vsottl mitlll jt teni porol tire of thle mtixtutre wats inicreaseid.

th i 1avl give a1 (Iseful imido-atioli of haulls Astt tttenitinti)hewiitmpr
Which- . have [lot Itieti cxperinlentially 6 tetmi'ltitlv. Atstire au.thlimit w rela ntions ihip eri ha teiko a.

determ ined til i-ier uIt lliturtoftru 31 , 222) htbeen nitidiatei for si-veiil otther cnititiitttds 3
deterniitie the lowerfi lititit off some 31 gases

findl vapors for ilowtimurtt projiagnt hlol of Alh ghtieaorfevlsoftwr-ii,
fiflme. With 1the exce-pt ion of liviroget and u l li~tuttres of chiivatmocllv cltsriv refitled coit-

Car!,on disitlhitle, t%1ich gaIt low figiurts Ilth, potinds atre oftiti iearl eqlittil thii ride dots
hiemt-4 of coti'lltlstioii lav betweell 9) and 1:; not app~hly girhl.itsi hw ytefhoii
large- calories per unit voluitme (,?3.5 liter at iietisaupe 5

;aV C.1 of thte irtnit Otixtutre; for, tivists of theit-r, - ~
the( matge wits 12 tii 1:1 tikrge eatioriett 1 e hm" IA-

.W Burgeisq Anid Whibb-v (3,1) found th lt. for 1 N 1
the first, five inc-tuthis oif the p'uatinfli s-cris. of I mi pr Ity, tr-'
Imtlrovarbo ,t is.tlit, i-aloai Iic vomruts ttoin hOw ir-Td Cfl

limilt Tixt ures (prtpmgigt loll (if flamemi throtighoult .....
a globe) were tilunihy eqatttl. I The tgrveniitot is Carl,--t d~i~uflte..........

)Ihfl~vn,"I %INP ................. I3
not so goodl for limiits for upward pritpagnti ... A-1 :.,......7.

of flamne for thesev hivarovarbons Of'I. hut 1a ?.hty~wto- Q1....... . .. ý 1 Y1
smoothI curve canl lit: drawni to ri-presw t I th It 1. Mefi .. 9

re-latiotn Iet wet'n thit ah'i vuthtits if lt-e first 11!"49. ~~ .1~

1 Ight roendt-Owr% of tile parallbo scries anid their ~ r-r4:

lower limtits (,'j4). M~~ -- n
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4. The cool flame of ether, which is produced by Le Chatelier's law until the amount of the
ard maintained at a inueh. lower temperature other gas is increased in lower-limit mixtures
than thqt required to p~roduce thle normal or (lecreased in higher-limit mixtures. Over a
flame, is propagated hy a range of overricti freater or smaller midute range of composition
mixtures which in -omev (ircuimstances is the limit mixtures of some pairs of gases have
separate from the rdnge of mixitures that propa- constant TFP'f's, Therefore these mixtures
gate the normal flamle (353). Tile effects obey the law over that range.
of pres-,ir onl ignition temnperaturos and limits Mixtures of hydrogen and ethyl bromide
of flammability for the two types of flame are (811) support Nagai's argument. Figure 4
similar and( ill general support the view that shows the lower and higher limits of mixtures
the limilts for the normal flamie, at least, are of hydrogen and ethyl bromide; for example,
governiedl by' tile' therimal properties of thle mix- one iiiglier-limit, mixture contains ab~out 41
tures. '[he prop~agat ion (Af the (c001 flamne may p~ercenlt hydrogen and 2 percent ethyl ibromidle;
(depend upon at chaiin reaiction (3,31). the rest of thle mixture is air. If the whole

U. A (Ahaelihers law, expressing the limlits range of these mixtures followed be Cliatelier's
of mixedl flanimable gases all(d vapors iii t~erni law, then the straighit line joining the lower or
of t he lI Iiiits of the ini(ividlual gases anid vaporss, higher limit for hydrogen with tho correspond-

isfaily-,. accurate for m1anyv miixtures but in- ing (undetermined) limit for ethyl bromido
accili-at .v or otheI rs, would give the corresponding, limiits for "it

N agai hais olfrt-d~ anl explanat ion for certain mixtures of these gases. Ihie theoretical flame-
(l(viiit'oiis fromt Le' (hotefler's hlaw ( I:. l~e propagation temperature of lmydrogen is pre-
lissuiiiis that, if two gases Ind(1ividulally have sumiahly less than thuat of ethyl bromfide;
the samlie ei'h'uilat ed teinlperal iire for their hience, the addition of thle first. percent of
limit 1-Iiiixt ore 11h1iaes, whjich lie callis thle t hioret- ethyl bromide to the higher-limnit Iiyildrogen
it-Il fiain'-propaga t ioll t eliiieratuiro (ll'Frl) , mixtur nrcleceSsitates a raid ll all it, the hydrogen
thle 11ii~t Iiit s of t hese gustlss will oetielaw. present in ordier that, the flame temperatture

IfIiw~vr.the Tl"IT's are not, equall, thle shall ap~proaceh that of et1hyl bromide. WithI
nixied gases will niot obeNy t he law. Thle gas I to ;perceent of ethyl bromiide thle limits fall

(of liiglivi-T'l'd'~'(oes not. play thle part Stiggestedl oil a st raigit linle, as' required by ]w' Chatelier's

7 -V

z

HY-I! ECN

F (,m. 4-hiii o lmnblt fMxue ftdo~iadEh0BvieIIAr
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law, because the flame temperatures are equal. by M. Aubert (3), for downward propagation
Extrapolation of this l".ne cuts the X axis at of flame. The agreement between calculated
X=56. The TFPT of the mixtures is therefore and observed valtie is less satisfactory for the
equal to that of a 56-percent hydrogen-air simpler compounds than for the more complex
mixture, which can be calculated. Moreover, and breaks do-'I with acetylene.
the position of any point on the straight part 6. W. P. Jorissen (191) and J. van Heiningen
of the higher-limit curve can be calculated on (342) of the Ieiden school have shown by
the assumption that the effective limit of several examples that the means of the lower
hydrogen is 56 percent and that of ethyl and higher limits of two gases in the presence
bromide 7.6 percent. of increasing eunounts of an inert third gas

Although Nagai has adduced many in;tanccs have a linear reiationship. They correlate
of pairs of gases or vapors that appear to sup- these observations with reaction rates based
port his views (246, 247, 250, 252, 811, 314, on the law of mass action. The means of the
315, 316), others do not. For example, mix- lower and higher limits of two gases have in
tures of hydrogen and methane follow the law some, but not all, instances a linear relation-
of Le Chatelier fairly well, but their TFPT's ship to the pressure (90). J. J. Valkenburg
are far apa*t. Moreover, mixtures of hydrogen hasdeveloped this argunwnt further (836).
sulfide and hydrogen (fig. 56) and of hydrogen
sulfide and methane (fig. 57) present such It is apparent that the theoretical treatment
results as cannot be interpreted by Nagai's ideas. of limits of flammability is meager and mainly

Another purely empirical relationship be- qualitative; it is bound up with the unsolved
tween lower and higher limits of hydrocarbons problem of the theory of flame propagation
and some of their derivatives has been advanced in general.
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In accordence with the preceding argument 4.2 pucent hydrogen.-A similar ring of flame
th, results collected for individual gases are was formed. On breaking, it resolved itself
arranged as follows: into an exceedingly faint cloud or collection of

(!) The results of experiments on propagation small balls of flame, which traveled steadily to
of flame upward in large volumes of quiescent the top of the containing vessel-a distance of
gas which are at atmospheric pressure during more than 5 feet.
the passage of the flame. 4.4, 4.6, 4.8, 5.2, and 5.6 percent hydrogen.-

(2) The results for other directions of props- In each mixture a vortex ring of flame rose
galion in similar circumstances. al)out 16 inches, then broke into segments

(3) The results observed in smaller vessels which subdivided into balls of flame that
open at one end (so that the pressure is constant traveled to the top of the vessel. An increasing
during the experiment) or totally closed (so fraction of the hydrogen present was burned as
that pressure varies at a rate and to an extent the amount of it was increased; the strongest
which depends on the dimensions of the vessel mixture, 5.6 percent hydrogen, showed about
used). 50 percent combustion.

The first results may be considered the limits In a longer and narrower tube, 15 feet in
of flammability of the components named, a length and 2 inches in diameter, no flame was
phvsicochemical property independent of exter- seen with 4.2 percent hydrogen, but with 4.4
nal conditions, at atmospheric temperature and percent a globular flame traveled at uniform
pressure; the second are the limits under re- speed the length of the tube. There seems to
stricting conditions of direction of propagation; be no doubt, therefore, that these flames were
the third are the limits under still more re- self-propagating and capable of traveling in-
stricted conditions, such as the dimensions of definitely. They left much unburned gas
the vessel used for observation, behind because their lateral speed of propaga-

tion was much less than their vertical speed,
HYDROGEN which was due mainly to convection.

HYDROGEN IN AIR In a wide space, therefore, the lower limit of
flammability of hydrogen in air is .4.1 ± 0.1

Flames in mixtures of h ydrogen and air are percent.
exceedingly pale; the flame in a limit mixture The hydrogen was not wholly burned in an
is almost or quite invisible, even in a completely upward-propating flame in a tube 2 inches in
darkened room. Ignition by a "fat" electric diameter until 10 percent was present (63).spark gives rise to a wý-ry "pale flame, but a"thin" blue spark givss a ninvispa le flamebu With a continued soivrie of ignition, such as a

" bl u sparksuccession of sparks or a small flame burning
Proof that an invisible flame has traveled to the from a jet, weaomixtnrea showed a continuous
top of a vertical tube may be obtained by ad- ron a et flam e sho wed a onu
mitting a small quantity of pure hydrogen to thin thread of flame shooting upward and ux-
the top of the tube a s',coud or so before the panding into a flame cloud. As the hydrogen
flame is expected to arrive there, If the flame was ,onsumedl the thin flame gradually ihort-
reaches the rich mixture a sharp explosion is ened until it disappeared.
observed. Analysis of a limit mixture after Complete combustion of a layer of the limit
the pas.,sage of a flame would not prove whether mixture, 4.1 percent hydrogen, would heat the
flawp had traveled throughout the length of products to a temperature of less than 350" C.
the tube, for the flames in weak mixtures burn The ignition temperature of hydrogen in air is
only a fraction of the hydrogen in the tube. about. 5850C. An ingenious explanation of this

When a spark wa,, passed near the lower anomaly has been given. (See pp. 11 and 12.)
confines of a weak hydrogen-air mixtur, stand- The higher limit of flammability has not been
ing over water in a vessel 6 feet high and 12 determined in large veswels, but experiments in
inches square in secton the following observa- a wide, short vessel and in a long, narrow vewseL
tions were madie: have indicated (64) that the higher limit in a

.q.0 percent hydrogen.-A vortex ring of flame large volume is about 74.2 percent hydrogen.
was seen just above the spark gap; it rose, A more recent determination in a tube 7 cm. in
expanded for about 16 inches, then broke and diameter and 1.50 cm. in length gave the higher
disappeared. limit as 74.4 percent hydrogen (115).
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The foregoing figures, for both limits, refer The actual lower limits of dry and saturated
togases saturated with water vapor at room gases at room temperature are therefore equal.

temperature. Some recent experiments with The actual higher limit is reduced from 7.5.0
dry gases in a 4-inch-diameter tube, open at its percent. to 72.5 percent by saturation with
lower end, gave the limits for upward propaga- water vapor, a result that is about what would
tion as 4.0 and 75.0 percent (38). The analyti- be expected from the, known effects of incoml-
cal figures for the moist-gas limits being 4.1 and bu-st ible gases on the higher limits of hvdrogen
74.2 percent, the actual ccunpositions of the and other gases. It will be notedl, also, that the
moist limit mixtur-es would be: actual percentage of oxygen in the (Irv andl

_____________--- -_______ - ____ moist lhigher-limit mixtures is 5.2 andl 5. per-
Lower limit Higher limit cent, respectively, the difference being (htie

-- ---- --- presumnably to thie heat capacity of the water
Hydrogen------------------ 4. 1 -4. 0", 74. 2- 2" vpr
Alir.............. --------- va--or.
Water vapor, approz- -------------.- 2i 20% Observations in Smaller Vessels.-Tahle I

1012 1 102 gives, additional resuilts for various directions
___________________ ________ of propagation of flame.

TABLE 1. -Limifq of flammabilih,# of hi,'droqen in air in smaller vessels
Upward Propagation of Flame

Dimeneions of iiIpecn-
tubeŽ, CM. gii~ peren Content of aquteousRpelnc

- - ....irind vapor No.

Diameter Iknigth Lower Hligher

7._5 150' C'Io~ed-------------- --- ----. 15 75. 0 Italf-4attirated . 5
5.3 ,IS0 Open-----------------------4.IW 71.6 1)ri,'d9

5.3 150- d-1------------------ --:1.12 71.3 doI 1

5. 3 1504)-__do ---------- _----------- t. 17 .71.1 d io,
i( 150Ci -d-------------------- ---. 15 7 1. 5 1 Ialf.,aturated1

1. sO Opeti....---.---......... ...... 1'0 72.0 D~riedI ----
4.8 150 --- ~do --------- ---- -------- 4.0 73.89 -- do----
4.5 80Clovd - -I---------------------1. 15t
4.5 90 ---- do--------------3. 9 5
2.5 ~ 15o! Ope .. 1.2 73.0 I

2.5 IR6OI ------------ 1. 25 72, f.atta- S

2. 2 15 -- t-- .---------- 3.. 9 73.0 8atimirare1
1.6 96 1_-_do---------------------4.22 71.2
.8 986 -d--------do _ ---------- ~ I. 67.9 9

Horizontal Propotiation of Flamei

7. S 150 ('LW1 'e---------------------' .----------- 1Ifii-C'at,,ratr, .

5.0 150 _.(o------- ------------. 7--------------.edo
2.' S 150O do-------------------7. 15---------_-----to-----
2.5 150 Open---------------- 2-------------atu.rate'd

2 - .. d---------------------------71.4 -.. "
-9 15---------------------- -6.7 65. 7 "wtilratad ,

Downward Propagation of Flow*

21.0: 31 o9.3----------- 13--------8t;ae----
K0 37 (ak"04d -- -- -- RA) 'A K - . do.-- -- -- --

75 150--do.--------------------8. 74.5 lIfaif-fwt rated .
7.0 IS.0 A- do .. - ------- 74.5 -

6.2 133 Open ., 5 . 8---- -------- ItiatitratrA ..... 9
&.0 120 --- do..r-. 9.45----------1arthitriM_. .- U
6 0 120t (1oo.cd . . . . . .. 9,3 - - - -- II - - - -

r 0 120---------------- 6A.0 '3f
5, VAf) ~~t"---------------_---------------- ------ Dil ----- 1)r94

8" e w. to t... .'td or table.
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TABLE L -Limits of fammability of hydrogen in air in 8mailer veasel&-Continued

Downward Propagation of Flamne-Contiatied

Dimensions ofLitspecn
tbe.Firing end Lmternt Content of aqueous Reference

I__ -___ vapor No.
Diameter ILength Lower Higher

.5.0 150 Closed --------------------- 9,0 74. 0 1Half-,saturated ---- 366
5.0 65 Ot*en------------------------- 8.9 71.2------------------------- 311
4.5 80 Closed-------------------- 3'9.6 ----- 1----------------------------- 56
4.0 I 50----do ------------- _----------8.8-------------Saturated ------------- 63
2.5 150_---do ------------ ---------- 9.4 71.5 Half-saturated 8 56
2.5 150 Open -------------------------- 97 p-------Saturated ------ 271
2.2------ Closed----------- ------------- 6.8 6. j--------------------- 3841
2.2 45 ---. do --------------------- 9. 1 73.05--------------------------74
1.9 40 ... ~o------------- -------- 9.45 66.4 Saturated- ,-- -- _-------356
1. 9 46 1-do--------------------------9.45 I 65.25---do- - - _------- 323
1.6. 30- do------------------------2 7. 7 72. 6 Dried---------------- 217
1.41 20 ---- do_----------------------9. 63.0 ___do ------- 1 o

Propagation in a Spherical Voweel or a Bomb

N tiac ----- -Closed _----------- 92 ----- taturated ------------ -- 71
(t--------o------------------------- 5 4 67.5 - do---do-------------- 82

1,000 ------------------ do.-_---------------------. 7 75.5----do ----------------- 95
810..........d--------------I---(o ----------. 7--5--------5. 735 -------------------- 349
350 ------------- -do ----------------- ~. . 70.3 Saturated ----- 368

3 -- - - - - - - o -- - -- - - - -- - 9. 4 f 64.8 do -- - - -- 9

Mal ofluv hiw,,nd.Thi tigure wnruld probably have boein Inhierm" had a stronger spark
Walk f tub 5ilvrml.bron ut41. 'aIvrk strouit Hi..iuch to lirnite a lowerdimilt mixturp may

A t 4W* ni. 4401 . be to. %eak to lgritte a higher-limit mixture (64).

In rounrd figures, therefore, the limits of by- by the unbroken line. In general, it appears
tIrogen in air may h.o stated its followýs for gases that I he limits are at first narrowed by increase
saturatd 'with water vapor at latioratoi.N teln- vi pInssure above atmospheric but at. higher
w~ratuttre and presisure; tbe figures for dtihi ghier pressures are steadily wide'ned.
linit, downward propagation, are, basedl on A series of experiments (95) besides those
oblse~rvattions ill close'd t ubes if' 'Which the Mix- recorded in figure 5 sLowed no change in the
ttire N% is uinder rapidlY varying pressure during loer limit over a range from 0.5 to 4 atinis-
the e~iperi tit'llt: spheres. Other experiments madle in a narrow

L 1111: its fof utt nprittiliI!1 (f hydropein-air tube, with downward propagation of flame and
.i~dres atturatfdI uii~t trater tyipor ignition by the futtior. of a copper wire, gav'e low

Limt.,jwreni results for the higher limit. (51).
L..Wvf 1i1off Reduced pressure affected the lower limit as

Ppwrrlropg~eon............4. 1 74 follow%: In a (clot"d glass tube 6.0 cm, in dia-
[lrsua r.l)mtlgtiqn_ -. meter and 120 cm. in lengti~t, %ith downward

Downwarfl Ipr¶luication. - 9. 0 74 propagation of flame, at I atmosphere the
Influence of Pressure.-, FigPure 5 show,, vari- lower limit was 9.35 percent and at Y4 atmos-

ot11. resul11ts obtaine(d for the limits of hvidrogen sphere, 10.6 percent (325). Experiments in a
in air tinder 1)re&surt's givater titan atluonl)speric hitrette. indicated the existenPrce ofa small lower-
(1ý1, 1,. 34'), The difterences are not as great ing oif the lower limit between about, .500 and
ali th~. ma11y appear to lm- at first ;ight, v'ý,'ept 2M0 mm. pressu~re, followed by a rapid rise
for lower-limit mixtures at presslin's of I to 5 between 200i and 100 mm. (S.P. Other expri-
atmosphert-s, and may u-ell lx- asrihed to dif- nients in narrow tubes (8, 16, and 25 mm. (ha-
I PrI'Mit. intirpretationt of experimental results meten.) with upward propagation of flame,
rathe'r than to the e~xperimnents Ibenselves; the showed no great chstnge in the limits until the
criterion wwi 10t-)t-ercent combustion for the pressure was lw~low aboutt :300 mun., when the
series inIdivated[ in the figure by' small circles bilt range narrowed until below 50 mrm. no mixture
only about 80 percent for the series represented propagrated flame ¶ý'J6),
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*DowiwIvd pfapsgadw-a cylieder 37is an. 324
-Downwod propmpv-'rs cyluider 14

- 21do or ewitru' i~iha; ts phwer 7.6 an. diem& 17

"'IG

1410 - -- A__

HYIMIOGEK PU4CENT IN A

Fiov~x S.-Effect of Premsures Above Norm~al on Umnits _; Hydrogen in Air.

Influence of Temperature.-Three sets of ob- TAni.IF 2.-Iluffuence of tempera(Ure ot. the limi~ts
uervations have been made on the influec'ne of of flammability qf hysdrogen in air, dowriuard
temperature on the limits of hydrogen in air propagatinn o~ffame
(12, *97, 358). Table 2 and figure 6 give those
that are probably most reliable (359). They Idfms kuae
Were determined] in a closed tube 2.5 cm. in permnt JU1w topek
diameter and 150 cm. in length, with downward Ttomnipei, C..*c _ hydrome PtuN, * C

propagation of flame.ng~~
At 5400 C. a 90.45-percent mixture was in- j ih., limitr

flamed (*87).
The nlame temperature (table 2) necessary to 110 .... .......

insure propagation of flame downward is much 10 ....' .. ...
above the ignition temperuture of hydroen iL Z ....... ........... 7 7,5 1M0 "aI-----il
air, W8. C. Moreover, increase in initial tern- jw... .............. 2~* 7.10 876 IS1---
perature of the mixture does not cause ths no..... _...... --...... ! &I... ii7. ----
calculated flame temperature to fall toward t1% 4 .............. L

ignion temperature but has the opposite effect
fOrr lower-limit mixtures; this observation awaits Influence of Impurities.-Tbe lower limit ot
explanation. hydroeren in air, with downward propagationi of
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400 4K--imLiiw

00------ 

-- ~ -dt

HYDOGE PERCENT
Flc.rmit 6.-hufluence of Temperature on Limits of Flammability of Hydrogen iii Air (Downjward Propagation of

Flame).

flanme, was raised a fraction of 1 percent. by tho (297); for inflammation in a closed bomb of
addition of iron carboylV (0.028 and 0.056 cc. 810-ce. capacity, 5 and 94.3 percent (34I9).
liquid vaporized per liter). The higher limit Influence of Pressure.-Experiments in a steel
was redluced from 68 to 52 perectnt by the addi- cylinder 3 inches in tiiaineter and 5 inches in
t~ofl of iron carbonyl (0.024 cc. liquid vaporized lenigth, axis Vertical. indicated that the lower
per liter) (3.25). limit of hydrogen in oxygen was not altered

materially by increase of pressure to 122 atmos-
HYDROGEN IN OXYGEN phiereýsbu~t le' between 8 and (9 percent-through-

The limits of visible flame of hydrogen in out thiis range of pressure . Ignit ion was by
oxygen with upward p~ropaga~tionI cf flame, inl a spark or hot ~vrand the dire:'tion of propaga-
tubev 2 inches in diameter, open at the( firing tion of flame was presumably downward (254).
end, are 4.65 and §3.90 percent (150). In When the pressure is reduced below atmos-
closed tubes the extremes revorded are 3.9 and pheric. the higher limit falls slightly but does
95.8 percent (56, 57, 778, 97, 274, 333). The no reach 90 percent, hydrogen (central ignition
lower-limit figures refer to the sarne& type of in a globe) until the pressurv is about 100 mm.,
flame as that of weak mixtures of hydrogen in at which it is difficult to insure an adequate
air, andl the, lower limit in openi vessevls may source of ignition; a powerful source of ignition
prove to be as low as in closed eslswhen might insure propagation of flame indefinitely
special means are taken to detect, an invisible in ahdon-ygen mixture of 90 percent or
flame.alitemrhyrgnapeuebeo 10

For downward propagation of flame in small am lTtle morehyrogenmat. presnuries aboelo 10
vessels~ the lower imit is about 9 or 10 percent mmren. Thedlower limilte doessnotrie abbovelo1
hydrogen and the higher limit, about 92, 93, prethdoe ni h rsuei eo
or 94 percent (27, 57, 88, 95, 228, 274, 292, 323, 9 mm. (65).
846). Experiments in a burette indicated the exist-

For complete combustion of the Fau in a ence of a small lowering of the !ower limit be-
35-cc. spherical globe with side ignition the tween about 400 and 120 mm. pressure,
limits were 9.6 and 90.9 & percent hydrogen followed by a rapid rise between 120 and go

'Probably too low. 8" footnote 4, tab!*ei p.. 17. mm -i (84).
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Influence of Temperature.-In a 35-cc. closed are shown in figure 7. Tho determinacions were
bulb the limits were 9.6 and 90A~ percent at 150 made in a tube 6 feet in length and 2 inches in
C. and 9.1 and 94 percent at 3000 C. (297). diameter, with upward propagation of flame at

atmospheric pressure during propalgation (133).
HTDEOGDNI N OT11E ATMOSPHERES From the Ordinates of the "nose" of this curve

All Atmospheres of Oxygen and Nitrogen.- it may be calculated that no miyture of hydro-
The limits of hydrogen in various 'nixtures of gen, ntoeadirtatophi ressr
oxygen and nitrogen have been determined at adtemnperature can peopagate fla-me if it
600 mm. and lower pressures, with downward containts less than 4.9 percept oxygen (167).
propagation of flame in a tube 3 cm. in diameter For some purposes the resul~ts are more usefil
(88). (See also Ammonia Contact Gas.) wnen expressed (62) as in figure 8.

Atmospheres of Composition Between Air and This figure shows, for example, that a mixture
Pure oxygen.-With downward prop ation of containinF 20 percent H12, 6 percent 02, and 74
flame in a Bunte burette, the lower limit fell percent N2 is flammable; 'but if 2 percent of thle
gradually from 9.45 percenit hydrogen in air to oxygen were replaced by nitrogen the mixture
9.15 percent in nearly pure oxygen. 'The would not be flammable but would beconme so
higher limit rose from 65 percent hydrogen in by admixture with a suitaibe amlount of air.
air to 81 percent in a 40-percentA oxygen mix- In figure 8, "impossible mixtures" canmnot be
ture, 86 percent in a 66-percent oxygen mixture, produced by mixing air. nitrogzen, and hydrogen.
and 91.6 percent in nearly pure oxygen (323) For more detailed explanations, compare thle

In a mixture of equal VOlklues Of oxygen and corresponding sect ion on mtethane limits in
nitrogen, 91.35 per---nt hydrogen infiamed at mixtures of air aild nitrogen (pp. 44 to 48).
5370 C. (216). The limits vitb downward propagation of

Atmospheres of Air and Nitrogen (Air De- flame in tile srane series of mixtures have beenm
ficient in Oxygen).-The limits of hydrogen in determined ir-A a closed tube 5 em. inl diamleter
all mixtures of air and nitrogen, or air from and 65 cm. In length. The lower limlits are 5-
which part of the oxygen has been removed, to 6 perceiu greater and thle higher -1 to + 10

OXYGEN IN ORIGINAL AThO8PW4ME PERCENT
20 is 16 14 12 10 4 6 4 2 0

soo

10-

CAR"O M~X= OR MimmOKA MnWTOLt IN MGM"4A A-MOSI¶KUE 1'acm

'iC-.UU 7.-1-irtaits of Faimailn ty oI1~f Ilvdrogei it, Air ms.iA Ca'ino Iioxidt- or Nitrogen,
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FIGiURE 8,-Rctation iatk'twevi C' maJ -'atloz and Flamabiliatyaat of Mixturesi of Hyvdrogena, Oxvgara, and Nitrogen.

percent greaa I r thalkn those of figuire 7. rhe mnix~tures of ajir and carbon dioxide are shown in
''1105'.' of het curve Is ait heit saailt perventatage figure 7. Thel( determinat ions were maude ill a
of ittiliit ionta ilt I rogen. 'I'lac a~lddit iftl of ().,5 tub~e 6 feet in lengthI and 2 itiches inl diamleter,

1ecn 1of ill tetralnethi-l reditaes the higher withI tipwaard propalgaltion of Niame at at mos-
Ftr''laind ret racts thei ")lost-" of heit ('1rVe lpheric pressure during propagat iotl (133, 167).

consaderaahlv (31S). Thel( fitailts for downward The limlit s withI dowuiwanir propalgAutIon of

rpropagnuo loll it c losed t Owr 2.2 vii. in thaniet.'r flameI in the sanme se-ries of rnixt urt- ha~ve lacera
.aaVe 111,0 beenPl deterined (.'441. aletermithed ill A cosed tube- 5 emIl. in (diameter

Atmospheres of Air and Water Vapor.-- The andi65cnia.inlviegth. The lower limits arm 5 to 6
fimits of hN drogen-air Inmxtutres sI analing over percevnt grtalter And thle higher limiltq I to I~
wtat er in a , 350-vv. splaerieal Vvs.sel. tand igiti ed pet-ceit less t(hall tose lin figure 7. T7he
nlear the valtter surfatee. have teemn (letermitned alt "f'les& of the curve is alit '-f '~rceent carwon
various teuea ie As thle ivteop-rat tart dioxidte inl the ataitlosPhee., Ite Addit ion of
risesq, anld collse(Itaevtt y the wvAter-va p or coantent 0.5 1werent tint ittramoethil rmdine!. the higher
also), 1,he lower limit rises. siowl v. mida thle higher lillitt aw~l retracts' the*i, 4 (of the eurve
linlit falls rapidly, as with ot her diun 11 %hE.1). etsdrllv(318). Theii limits with downward
60 perveett of water vapor is- plieset-i (8610 C.) propagat iona Ini dosedi t ue.; 2.2 andl 1.6 mm.i in
the( limlits voincvide. at tyltoit 1(1 percn-fIt hydrogen diameter have also b'eln dete4rmnineal (217, 341).
1.168) niSoe earlier obst-rat ion, 06 1 shimt, as might~

Earlier experiments, made ill a [hunte lntrr't te, Ix- exect~ed, 4 more, rapid narrowing of the
sho0w similar effects bunt the ratnge of tlaintia- limits in a Bunte b)urette. Others ( ,1) may be
bility ist smaller (.95). entiekonedl, hut they cani hardly be accepted

Atrmospbeme of Air and Carbon Dioxide.- witho(ut confirmationl b-caulse they indicate
The limits of flammability of hydtog4,n ii, all veveral improbable conclusionls -for example,
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that the lower limit of liytroge~r. is redluced fromt mixture to burn wlhen issuing into air front a jet,
6.5 percent in air to 3 percent in an atmosphere 15 mmi. lit diamneter. ignition by at gas flamue, was
composedi of air and 3 or 4 percent of carbon 14 percent (23)
dioxide. Atmospheres of Air and Argon.--The limits of

Atmospheres of Air and Helium.- -When thin hiydrogeni in mixtures of air and argon, with
rubber balloons 2,5 inches in diameter were downward propagation of flamne in a closed tube
filled with various mixtures of hvdroi~en anti -.2 cm ndaeehaebe tenihined
helium and a lighted miatch or a vNhite-hot cni ij)antr av en(te

platinum spiral was used to burn a hole in the Amshrso i n eti aoeac
fabric, the hydrogen could be raised to 96 Hdoabn.Asreso eut hwn h
prcent before the mixture became flammnabele lower and~ higher limtits of hydrogen in air (,oil-

btif the hyvdrogen exceeded 28 percent the ictasi mut ftillrehln
mixtre ouldbur. hnceit as cnclded at 14' ,25', ant I 35'" C. have been repo'rtvd.

that to dilute the heliumn used for airships w~ithi 'hev wIere observed in smnall burettes 15 nim.
moretha abut 6 prcet. f hdroen Z~ ill diamneter, so aire of limited value (200). Sim1-

would not insure safety against inflamma~tion ilar experimenits with the vapors of other cliloro-
of th gas.derivatives at laboratory teimperat ures were

E~erment bythe resnt wites s~ot~ reported in an earlier communication(I:)
that iomogeneous mixtureq of helium, hiydro- 'l'lw addition of increasing amlounts of mlet livl
gen, and air would propagate flanie whenl tile bro~mide to the air causes the i'mits of livdrogel*i"proportion of hydrogen to helium is much less 1thantha inicaed bov. Wen s lttl as to approach, and in it 2-inch- diamieter tube, tothantha indcatd abve.11lin a litle s meet, when 13.7 percent of the mixture is methylv
8.7 percent It ' drogen is present in adnitxture bromidie. The lower limit of hydrogen is. how%-
with helium, it is possible to make, with this ever, appreciably reduced idow to 2.4 p~er'enit
mixture, a blend with air that will propagate a ~ih1 eeit .mty rmd) hwn
weak flame uip through the central part of a that tWe btromide takes soi ' part in the -ont-
tube 2 inches in diameter and 6 feet in length. bustion (38). 'The results aic of doubtful appli-
The complete set of observations is shown in cahlility to wide spaces, for with a sullicieiitlv
table 3. pilertl source of ignition somne miixture's of

TARLE 3.--Lilnitsq of #aminability qf mixtures of nictlivi bromnide alone and air can be inflained
Aydroq.'n anti hlai~un iII air, upirard proixi- (1), 101).
vgati.n of ffane. in tube 2 itiches lit di' eter Tlhe addition of increasing aimount s of dit-

anti6.f'-fi, ll lngt, oen it fs brerendchlorodifluoromethant, 'freon ) to tlike air causes
iindt~f'a n hqtA ope ii it Iiitrc~dthe limilts of hydrogen to 1ipproach and, in it

Oigni M% mitue pejrcIv in~i~o liubit.It 2-imu'h-.dianietm* tube, to mnet I, when 35 llwrvelit
.- . .of the mnixture is fre'om (3S).

,iýOIrt*.,1 Vrhw', IAwr~r flr Atmosphere in Which Nitrogen of Air Is Re-
placed by Carbon Dioxide.- The fiioits of

PI10 If 0 hytlrugen lit t his ill mnosphere. % wit It upward prop-
72 A I agat ion of 11411111, in a 5.3--cill.-ditmimet,'r tube opcin

t.7 3 13 3, at the lower endt, are .5.31 and t69.S pvrtceiit as,
If 1 93 .vI cohimparetl m~ith 4.19) and 74.6 1wr'eemt, n-sresc-

.. ~ - liv.] v, in% air. For dlowimanr propaga ioi InI
The mnixt ore that f-onlained 19.3 percent the sam.' tubelk, the upper endl being olfen. the

hydrotgemi and the rest heliumn had ýcry wide ho%% er liziit is 13,.1 percent as comtpared wit It 9.0
limits of tlatumabilitv. Hlanle travel''d ratpidlh p"rcent. in air (!iqf.
andi with, stome violenco throu..gh niixtures ,ith In a closed 2.3.,m.-diamneter tubew with up l-
air that lay well with ini thes*'s limitsr, althbough ward propaght ion of flamne, the hilini s are' 4.7
die ballmon experiments hall %ettii'.l to shoinw and 701.3 im-rcel't; thle range is naiiafw.'r Ma
that theset miixtuires %fiere nionfltknitoable. No narrower tubes (.'S).
mixture wouldl be safe for use in an airship In a clos-ei 35-cc. globe wi11h side Ignition, thle
tinless it containedl less than 8.7 pperent lin~its were 11.9 and C:X,21 percent, hydnirgen
hydrogen in madmixtuare with helium (U2g. cowpared with 9.4 and 64,8 percent. respee-

Willii downwardl proipagation of flamne in a ti~viv. in air in the Pamec appvaratus (2V7?). Il'he
closed tubev 2.2 cm. in d aineter the weakest hlighe~r-limit. rt.-sult is unlexpectedly grtater in
mixture of hydrogen antid helitna t hat can form the artificial atmiosphere thani in air; a similar
a flammable mixture, with air contains abfout result. however, had been obtained1 earlier (d.;6).
12 percent hydrogen (31.Reasons have already bewen given (footnote 4,

The niaxirnuin amount of hydrqogen that table 1, p. 174) for thinking that the figure
could be added to heliumi without enabling the 64.8, for the higher limit lit air, is too low.
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Influence of Temperature.-Sorne irregular mixtures of hydrogen. oxygen, and each of these

results have been obtained for the influence of substances are given in triangular diagrams for
temiperatuLre onl the limits of hydrogen in an downwvard propagation of flame in a 1.6-cm.-
atmosphere of 21 percent oxygen and 79 percent diameter tube (335).
carbonl dioxide. They needi confirmation (2971). Atmosphere of' Nitrou.i Oxide.-The limits of
Anl is;olated observation is that a mixture con- hlvd.,ogeik Ul nitrous O.Vde, with downward
tamning 82.9 percent hydrogen inflamed at propagation of flame in a 16-mink, burette, are
552~ (2C (216), 5.2 and about 76 percent (285); in a 15-nun.

Atmospheres in Which Nitrogen of Air Is tube, 5.6 andI 79.7 percent (339). The effect
Replaced by Argon, Neon, or Helium.-The of a diluient Iin narrowinag the limits increases

jinit o hdrgen lin atmioszpheres in which in thet following order: Argon, nitrogen, carbon
ti(l iinilrogen,1 of the air is replaced by (a) dijoxide, helium (283).
argon or (b) lieiuiiii with uipwalrd propag~ation Atmosphere of Nitric Oxide.-The limits of
of flamie in a 5.3-cnk.-diamneter tube open at hydrogen Ii nitric oxide (wrongly called nitrous
the lower end, tire (a) 3.17 and 76.4 percent oxide byv tile author, a Netherlands chemist
aind[ (b) 7.72 and 75.7 percent. For- downward wrTiting in English) with downward propagation
propagation ilk thle samne tuibe, the uipper end of flamie in a tube 15 mim. ilk dianketer are 13.5
bleiiig open, the( lower limits are (a) 7.0 and ankd 49.4 percent (2-28).
(b) 8.7 peri'eent (9.). Atmospheres of Nitrous and Nitric Oxides.--

lin a closed 2.5-cnii.-dianieter tube, with The region of flammability of inist ures of
urpward prllpaligat iot of flamne, the( limuit,; tire hyd-ogen with mixtures of nitrous and nitric
(a) 2,71 and 75.3 plercent and (b) 59and 71.8 oxides is plot ted in a trianigular dIiagrami (Z391),
pi'erent; both range, are narrower in narrowe~r but thle spark used was too weak to ignite any
tulbes (9S(. nkixtunre of hydrogen ankd nitric oxide alone

Ili it -iiixt re of 20.9 perceniit oxygen and (2
79., percent ark-ionl 89.10) percent hydrogen Atmospheres in Which Oxygen of Air Is Re-
inflamed ait 545' C'. ý.?I1;) (See' also Deuiteriuni placed by Nitrous Oxide.-The linkits of lky-
in Other Atmepers)(rogrel in a liixtulre of 21 percent initrous oxide,

Atmosphere of Chlorine.-In a eudinineter and 79 percent nitrogen, with upwvard propaga-
info' abI out I emli. inl dilameter, with gases t ion of flame ilk a 5.3-cnk.-dianketer tt& il'open

stlingin Over~ sulfuric liid. th~e 1;imuits; of at the lower end, are 4.19 and 219.0 p,'rcent.
hydrogen 'it chlorine, apparent ly for downward hntekxtlecotms42lectniru
jlroprlga lionl of fllllae, were S.1 anid S5.7 pvrceilt. oxide anld lite 8111011t Of ('Olinhineil oXygen1

aidlzit ionl fronkt I ernig nagnesiltint Ignited therefore equals the amliount of free oxygen: Inl
Iliixturors coitta)iliiiing bet ween 9.8 and0 .52.5 air, thet limits are- 4.38 and 65.S perecllt Iin the
pereent nlidrelgeri (2,37). saile experiienoail condit iois. ii eonikpari'isol

'l'lle limlits wimth downward jpropttga ion of withI 4.19 and 74.6 pei'cemtt inl air ý.Q3)
fliume' in a tubi e 1.5 e-lit. it-, dmlainl~ker a il 310 emai. Influence of Small Amounts of "Pro-
rat lenigt atI1 ' 101.4 amid I .3 .¶t perceni t ~yd roge'n. moters."'--The adifdition of abouit 0.; p er'cenit
1Bw~w ar~ii s e tgiyen fo r pi-cferring t he:w figuires O!VIa r OUSposI I)SSc4 -1'lk ri tVN em'if ik'V1 I Ieo.x-
to t host iell ab'ove ('2.s). ide ethyl mliriatle. Ililt rogeil p~er"oxide. 1iki't hvl

Ill an I ronl I omub of 8 I0-.cc. ca pa i'i t . thle iodlide. Ozone', h ad littiel efree t oil tIi'he ow'er
(irit' f liv Irorit', c ii eb rtne are t; ani d 84.5 hlmit of liv Irogenl ini air' andt little nlo rkc efl'ec

pt".vcent (3.j, 9. onl thetIligiler lintit than diait due tic(tie, liernkmtll
IV it Ii it- I )a rk- kfi5 lit ingi or 1kIi' !wted phi ninu e'ff'ects oif t heir rvea ions k9~31

'.pirnd It it ha if-litir c 'vlinnlr 4 -lem. lit ditnleteir. Dilution of Electrolytic Gas (2IH: ' Qia) With
tihe a pnivrrn irii ns of hviiioiert lit chlorinle Gases, Inert or Otherwise. ---Ini the early part of
% tir . %il)I e'ncln(,IIlStIIive'e: 11he %Nt~ieSt n'alge' %%-It the last cenii'n rv the( (Itlert'ion (o1 the arl11kilnrt of
.5.5 ito S9 pt'recnt . Restilt s are' aki, giveni for cfliirent t hat. mixed wit h electrolv Iii', gas, i% oulel
ruixi ii re' toi which Iivdrovir'i chloridec, titnitrpg'n. bring a mixit -ir to its limit (;f flammiability
OXI VPe'lli 111 cantnrli nt di xii he were a Iiiddv ~' arOtkd Iis' ituic intIteri'st, whii'hIl has I een ex v'

Atmospheres of Chlorine anid Nitrogen-, fromi time to tinme. Sonke of the d~iluivaits wiere
Chlorine and Oxygen-, Chlorine and Plitric inert; others were not. Table 4 giv'es thlt
Oxide; Chlorine, Nitric Oxide, and Nitrogen.- r-esulits.
Tile' litnits of t 'rintrY mi~tix res of Ihyr-ogen with T[he con1ditions of sontne of thelue' exiwrirnlents
eneli~ of these miixtulre,; art' givien Iin riongmular are very incompleteli' stated but can ib' Stir-
diagri'ans for downward pflhpapition of flu rue InkIs4d fronm the figuresý for lrite iiltiners hIiyirogem

(2.!S). ~and oxygen, ai limrit hmixt ures mladei liv diiiut rg
Atmospheres of Oxygen and (1) Hydrogen eIeCAtrol ,ytic gas with hydrogen anid oxvhrei are

Chloride, (2') Carbonyl Chloride, and (3) Di- thei s-ame as higheur- and Itcwer-limiki rikx~tlim'.
fluorodichiorornethane.- The limits of tornary reslh~ctiveiy, of hYdrogen iii oxygten. Thus,
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Davy's, Turner's, and Bur~seni's experiments evident that the iinert gases of higher heat
probably were illade with upward proJpagation capacity are miore effective than those of lower
of flame. Davy and Turner prob~ably uisedl heat capacity in renderinig electrolytic gas
fairlv wide vessels and Bunsen a rather weak nonexplosive. H-eliumi is more, effective than
spark ats thc s;ource of ignition. Regriatlt and argon, presumably because. of its greater
Reiset, Von 'Mever, Taiiatar, 'Misteli, Eitner, flieritial conductivity. Moreover, when the
and Jorissen observed dlownwardl prop)agation diluent, is itself flammable an(I therefore coin-
of flamle. lpetes with the hydrogen for the oWygNi Of

17ncertainty as to soitie of the iiiethiods uised the elecrolvt ie gas, it is even Imore e.xtl(tinct x
and thet smiall wcale of the exlwrinients make it of flamie thani thle inert gases, provided that it
imposcible to draw exact conclus;ions from time contains Several atonms capable of uiutimv'
resuilts in table 4. In general, Lowever, it is with oxygen. -

TABLE 4.- 1ercentage, of elictrolytic gas ithicl, vwith (1411, t Tiamed, is at linmi~t of #lanimability

Percenitage and~ slt horlty

IPavinati and

M1)iiu1t; Davv Ttinter ',5)
(7h) (333) __

Upi- D)OW1-
w~arit ward

H~doe Ii A-14 50I 2t-23 (IIILIsvit, 07) -17 'T 17. 4
C, y.gcui - 14-2 Ii 6. 7-. & 6--9.7 (itutvsiie,>, 13.9 (iEitner, 95)( -5. 9 13.16

Nitrogen- 1 .1 14.3 (Ilenry. 12-2), 19.2 ýFit ncr. 95 2 iS. 5 1W. 8
Carb on dit,.61 2559 27 ( 1evritauit iiit %-st,j:~ 2!92", 2,5.7 2.

Atuitsenu, 27), 30.0 (IEititer, 95). 2:3. 0 25.i 9

Aron Itt.1 12. 5-
11 drv~Iretj(riec LL'd 30 to 20 25
S'itj(' f! luotrideL 5L~ 7g-

S111fur dij'\i~lL- 3 l
Nitrotus lIxid.L .. It - 12. a
Carluoti monLxiLLLiLe- 201 2,7).17 17. 1 I

Ii,-ttroken ILI(~ 33 tt qi7 ,it) .10 appirovmiuat ' ItuidIt..2
ATLIILL .54 Lij 7 O 50 LrtULktLim 1111.1 L L,

aitn .50 L L .) 76, 7A Chawitur, 3!w'7 Nht!is'(.
-'h n ! Ki," %-.7 I F LLL vm It- r, !.i,

I-tLL(Iv Ik4 - 67 75 5 0 67 7,. S0.s (1. x LII NIv\ r, 2.j' 75 Nkit
SO i.1 M t t'ris-ei --I)

Prop i v inL'- - -aiII ,31( S 1isIIi

Conat MLv 17 SO1

(In .0,'" ~. 1i~ It .,- r 1 "Ln- p. I't V viLn, Li. 1,1:6 I,!I,, u:1h ta~n~ LRLV

IM&L L nt.LIIII

PARA-HYDROGEN DEUTEHIUM

Tip, lower llimit Of pats-hyvdrogeni in air with DEUTERIUM 1N AIJR AND W~ OXYGEN
upward propagzat ion oif flame inI a tubt 7 cmi. in The limits (of detil eriizm, %khtch haveP been
ditine-er aniil I'_10 tmn. ill lcnigtlI; lwbtw-een 4.1 tlser 'et onlyv in closed vvs."-+;. are given Inl
anid 4.5 pereenti. Und~er the samne conditionts, table 5, wili tiose for hy'%drOgen albtainild by
tl~t, lower limit of trdiiiatrv hyivlrogen is bot weten the Saline Obntervors in patrahel expe~runcnvII s.
4.3 find 4.4 percent. fl'he' higher limit Of a Thet rat st of figurt-t (56) with upi marn propa-
mixture of ctq~ial paris of ortho- atid puan- gation (uletteritimn and hydrogen in~ air) is ahinwst
hydrogen was niot less than that of ordinariy equal to thev imiverse ratio of the diffusion
6yd rogen (114I). coefficients of the two gasws, a fact that agrees
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with the explanation given (p. 11) for the The three last-named gases have -qual
peculiar nature of the lower-limi. flame of specific heals but different densities and thermal
hydrogen. conductivities. In the helium mixtures the

DEUTERIUM IN OTHER ATMOSPHERES convection is least and the dissipation of the
Tilt, hayer limits of d(utteriinl and hydrogen energy of the flame front. by diffusion the

in mixtures of 20 percent of oxygen and SO per- greatest; correspondingly, thelimitisthehighest
cent of vak-ijuts chenlical!v inert gases,. at 400 and the difference in the limits with upward
mm. presstre, have been (lelrniine(d in it closed and downward propagtion of flame the
tube 4.5 cm. ill diameter and 80 cm. in h'ingth. least (07).
They arc as follows: Dilution of 2D2+0 2 .- The limits of 2D 2+02

ill various dihients, with downward propaga-
SUpward j~o~tion oa I)ownwartd proiwwationUpwar f.... fraai,,e tion of flame in a closed tube 2.2 cm, in diam-

Atmosphere ... .. .... ... .. .. .. etcr, are (2774):
l)eueteriurn Hydrogen D)eu erhurn Hydrocen Pewcutage of SDrpO,

which, with dilie'r
nmed, is at iIitUMltr-ogen. N.o wis~("It 5. M' 3. 9 0 .9 !. 1; D~iluent : of)[4171=1111111

J-letturn, howrni-ti 7.4 ,.S . 4 1 DeutuM_ -------------------------- 15. 9
Nom. SO p ,rt 4 3 5' ,S .7 7A
Argon, xOper(ent... 75 2.; 7.2 7. trog .--.------------ --------------- 16. 8

O-x-gel -----------------.---------------- 15.3

T.ArLE 5.--Limits (if flarnmabidity of deuterium ard hydrogen in air

Upward Fropagation of Flame

I)imn.':IlitM. of D)euterimit limits, peicent llyvdrogen, limits, percent

Pressure, Reler-Ili. I air Ill oxygen It air Ill oxygeni ence No.Il~iauu- Leii't hi ... . ... ... . ..

Ibower lligbter A),hver iifigher Limwr tligher L.o výr H igher

-1i0 0 . 15 10 5, 65 ... -I. - .. . .-.

7•) 2 2 -15 -I. 9 75. 0 4, I 94 7 3. 9 73. 0 3. 91. 2 27.$
.IN) 4.5 O 5, 6 . . 5. 7 3. 9 3.9 .

Downward Propagation of Flame

400 -. S1. i5 I8 i) .. ...... 96 ... . .. .. 5
760 2. 2 15 11.2 75.0 10 t 2 ).17 710O 9.1 94. 2 21,
400 4.. •t li.0 . 1. 9... 9,6 .......... 9.5 . . 5;.

AMMONIA init wvas aithout 17 apercent. liltion was at-
AMMONIA IN AIR tenipted bY tihe elctric tsioin of a silver win,(lOt, In the 5t0-litcr- hoomb (1W( ) lhl. lower

'resltA ili %ihic'h n|lw iýtphtric pre•sýtsre wI.as linmit Was uinciithtgtigd between I and 20 airnios-
1111il litlt i ti thu i ll (. t in- prlol, •| ion of flait"'. (io phlw ', prv',.sure.
1ot ohltxiwar to hoe li 4,, I t'lle., witlh a1nn|onil|- Influence of Temperature.-Thl range of
itir inixt tires; hbil this .otilil ion 111) wlol ddip roitui'tt lanibilitv of amniniiiia-air inixtures is ulid-
Iii Olt ' r,'<t'rtt'' ? lct it:'dd ill inlt, G. i? encd uis the tenjperaiture is rai.4cd to 450{ C.,
which ,it |'idwxr sitplnr lt Ill(I lop of thit, tt ,In shown by figure 9. Ac hosed 1t1be 5 cm in
ves 1,,I titl|| "v j11nlj'td from h-t ,,atilig. difatull r I] Ised 'rl' T 'h1, ah .lttd lhilie

Influence of Pressure.-ln an appariatiin l n t,1pertiltire for the lower limits, horizontal
which the oil.\ inixturt, of ainuinliO ii lt()d lir prouixgil 1ot1, ig al81ost constant: therefore the
that icilild be Ilnfitttnt'el tt ainiospiivrit' pre-uire prci ininary hicatinl., of the inixtlire -eeln.
coilain,,d 221.9 perteit ,iininionia. lifi' limits at merely to save the ne.e.ssit,. so to speak, for
16 kit niospierces Nere 17.1 and 28.8 pereinit liberation of the srme amount of heat by
ammionia, alid at 36 at nphucres the lower combustion (354).
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TABL.: 6--Limits f ammonia in air

Upward Propagation of Flame

Dimensions of tube, em. I Limits, Iper(et ('ordert of
Tube . .aqueous ltferrenre% apor, 'so,

Diameter Length Lowev 11i jhvr percent

7. 5 F 150 CClosed 17. 1 26.4 - 0.1-2.5

6.0 I (See text)_ 1,.0 2S. 11 Dri354 2S)

5.0 150 ('Iosed__ 16. i 26. 0 0. 4-2. 5 35,
5.0 150 -do . 1 26. 6 i 3U

Horizontal Propagation of Flame

7. 5 150 Closed ........- 17. 4 26. 3 0. 4 2.5 354
5.0 150 dto . - 18.2 25, 0. 4 2. 3854

Downward Propagation of Flame

7.5 150 Closed ... No propagation........... 0. 4--2. 5
5.0 150 do ------------.----- -- do 1.30

I._d -------------------- -o do----------............ ----- O

Propagation Throaghout a Spherical Veasel or a Bomb

Sphere, 0.5 liter --------- Clos•d . . It'. 5 i 26.8 1 301
Cylinder, 1.2 liters 1..Alo-...... ..---- 1. 0! 25.0 25t:
Bo)mb, 50 liters - wdo-............... -16. 0 . 107

1 X

- APO

.I

AMMONIA, PERCENT
Fiouna 9.-Linits of Flammabillty of Anwonoia-Air .fixtj r ; hllhlwlicc of Tein'peratur adl of Direction of

Prnpagatfin of Flame.
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If the mixture of ammonia and air stands In a glass bulb 100 cc. in capacity the limits
over an aqueous solution of ammonia (strength at 85' C. and 380 mm. pressures are 21 and
not stated) the limits are rapidly narrowed by 74.5 percent (268).
rise of temperature until at about 440 C. they In a 50-liter bomb the limit for complete in-
meet. Above this temperature the amount of flammation when ignition was central de-
water vapor is sufficient to render all mixtures pepnded on the nature of the source of ignition.
of ammonia and air nonflammable (800). The lower limit, ignition by electric spark or

AN OXYGEN guncotton, was 15.9 percent; by a mixture of
AMMONIA Isulfur and potassium chlorate, 13.5 percent

The earliest recorded limits known to the (107).
present writers are those for ammonia in oxy- From observations with a split Bunsen flamegen. In 1809 W. Henry wrote "With a gr-ater the lower limit of ammonia in oxygen was
proportion of pure oxygen gas to ammonia estimated as somewhat less than 15 percent
thrn that of 3 :1, or of ammonia to oxygen and the higher limit as somewhat greater than
than that of 3 :1.4. the mixtures cease to be 80
combustible" (121). These proportions cor-
respond with 25 and 68 percent ammonia, Infiuence of Pressure.-In a 50-liter bomb the
respectively. lower limit for complete combustion was 13.5

Table 7 gives modern determinations of the percent at 1, 12.0 at 5, 10.8 at 10, and 10.0 at
limits of ammonia in oxygen, in closed tubes. 20 atmospheres (107).

TABLE 7.-Limits lf ammonia in oxygen (closed tube)

I Dimensions of bube, cm, Direction of propagation

I D Referenoe

Upward Horizontal Downward No.

Diameter Length
Lower 'llighicr Lower Higher Lower Higher

I 7.5 150 14 8 15. 17.3 354
5. 0 150 15.3 79 16.7 79 18. 1 79 354
1.7 .... 21.0 64.6 345
.5 . .9 69.35 fo0

Influence of Temperature.-- In a closedI tube gation of flame in dlosed 2- and 3-inch-diameter
5 cm. in diameter the following tfigures were tubes, as follows:
obtained for the lower iiit (•4):

Loir(r 11m~t of ammrnonia in %.ygen (closed tube) Limits oJ ammonia in nitrous oxide (dosed tube)

SU.pwam Horizwmtal )wunwi•d
rC i 1 1 , ,IS O 4Tutv dilm.-

2I,,,,,,,ud ptJanrlwIhr vrmlvI1 or4~ ' eI m..
do, m' n i,. i I Ira. r 1ltaewrrj Lower " t1we r L iohe r 1

AMMONIA IN OTHER ATMOSPHERES 1 ,,0 i. 71" .

Atmospheres of Oxygen and Nitrogen, of 'tt, ur~twlth limit millut,
Oxygen and Carbon Dioxide, and of Oxygen and
Argon.-The limits of animon'a in these mix- The lower limits were difficult to determine
tures have been determinl(d with downward because violent e-xplosions sonietinies occurred,
propagation of flame in !I.- mior 1.7-em.- slipttering the tubes, with mixtures below the
diameter tuiis (203. 38,5). linnii for normal flame propagation. This is

Atmosphere of Nitrous Oxide.--A very old ascribed to the exothermic decomposition of
determination gave the limitA n .n annmonia in nitrous oxide sensitized by sinall amounts of
nitroiN oxide. 'ondeitint uo, stat ied, as about am9monia (130).
17 and 67 pe'rcent (1•'). Recently, these Increase of temperatur, widens the range
Il1i its have Ibeen deduced by 3m1ll .xtrnpola- appreciably at the lower limit, slightly at the
fions of the limitis found in. serhes of mixt,,res of higher linmt (130).
lii tru'; , idt, oid anir. l'Tii'v were dctcrmiiml Atmosphers of Air and Nitrous Oxide.-The
(,Ir u ,nL1arl. hornt.otal, 1111d downward propa-s limits of nnimonia in various niiixtures of air
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andl nitrous oxide, with upward, downward, and In closedl tubes 1.5 meters in length and of
horizontal propagation of flames, have been de- different dianmeters the limits for mixtures con-
termined in a 2-inch-diameter closed tube. Trhey, taining 1 percent water vapor were as follows,
accordl fairly closely with Le Cbs telier's rule, (356):
that is, mixtures of limit mixtures of the same
sort (lower or higher) are themselves limit inix- Limits of hydrogen sulfide in air (1 percent water
tures (130). tapor) in closed tubes, percent

Atmosphere of Nitric Oxide.-The limits of
ammonia in nitric oxide, with downward prop- Direction of propaigation of flame

agation of flame in a tube 1.8 cni. in diameter, Iimtrftb
are approximately 20 and 65 percent (339). cl. Upward Hlorizonltal Downward

Lower 1Higher Lower Hfigher Lower Hligher

HYDRAZIIE
HYDR.A=~ IN AM ~ i------------ --- 4'40 44'.5 .40) 26i. 1 6.0W, 19. 9

7.5 ~ 4.30 45.5 5. 30) 35.0 5.S K5 1.
The limits of hydrazine in air, with upward --- - ---- -- - - -

propagation of flame in a 1 -inch-dia meter tube The limits in a closed horizontal tube, 4.5,
open at the upper end, ore 4.67 and 100 percent cm. wide andl 75 cmn. long with spark ignition
at about. 100' C. Hydrazine decomposes exo- at the center, are given a.s :3.1 and 45.1 percent.
thermnically, and its vapor can propagate flame (283). The great difference between these
down to 12 mmn. pressure (at 290 C.) Witijolt figures and thle correspondling figures in the(
the assistance of air or other supporter of comi- tabulation above was not dliscussedl.
bustion (304).

The limits of 85 percent hydrazine hydrate in HYDROGEN SULFIDE IN OTHER ATMOSPHERES
air. dletermnined simiilarly and calculated on the
assumption of comiplete dissociation of the Atmospheres of Nitrogen and Oxygen.-Tho
hydrate at the temperature of the tests (about lower limit of htydrogein sulfide, with downward
1600) C.), are equivalent to 5.95 and 27.37 per- propagation of flame iii a c~losedl glass, tube
cent N2H, (304). 150 cin. in length and .5 cm. 'it diameter, fell

steadily from 6.60 percelt. in 15.6 pt'rc-tit,
HYDRAZhIE IN OTHERt ATMOSPHERE oxygeni to 4.93 in 66.6 percent oxygen (36llh.

Atmospheres of Air and Carbon Dioxide.---
Hydrazine vapor mixed with various diluent~s With) ilicreasilig amloun~tS of carboni dioxiide

is capable of propagating flamep within the fol- aj(lde(d to air, the, limits of hydrogen suflfide
lowing concentrations, at tempileratures ranging approach and ultimately neet. fit a clo-;ed
from 104 0 to 1:350 C. and roughly atmospheric horizontal tube~ 4.5 cml. 'wide. and 75 cmi. long
pr msure (304): wit h spar~k Ignition atit the centt ýr ab olit 25)

pervnt't of carol doii ox idlei lithe ni ixtulre is
Hydrt'ite In suff~icieni't to p~revenlt any flux ire inflatnimnig

iDiU,.ht comupletely, and abomut 36 percent. prevent s
partial inflamilation (2M3).

Lower lighsr Atmosphere of Nitric Oxide.---The limits of

a . hydrogenu sulfide- in nitric oxidle, with downward
Wo~iw I proupagationl of flamev in at tube 18 mil n.

w i 10 dianidet, are aplproximlately 29) snd 55 per-
_________ ____Celli (389).

With a spark which gave a presaure limit of 35 HYDROGEN CYANIDE (PRUSSIC ACID'
mm. for pure hydraz.ine, the followifif results Tein~qo yrgneaiei iwere obtained. At. IR5 mmn. (and 100 C.) the Telmt flvloe ynd nar~.

lowe limt i nitoge is 8.6percnt;tit 47 said to be 12.75 and 27 percent, but t het
lowe luit i niroge is48.6perent ut147 mental cond~it ions were nlot Stated (.5;?) :.a:~or

mum. in ammnonia it iq 61 .2 -p'rceent; at 332 mm. reports give 5.6 arid 40.0 percent (2,55) arid.
in 5N.- 4- KO it Is 27.1 percetnt (5) inl a 50-4Cc. p~ipe)0t. 7 anld 41 percent (2has

the limits. A figur,' of "arouind 1w percet-w is
-DROGDI SULFIDE qnioted for the lower limit, in utistate~d con-

HYDROGEN SULFIDE IN AM dit ions (16).
Influence of Pressure.-In a 50-cc pipe(ttl the

In it horizontal tube G cm. in diameter and rarige of flammability narrows with reductiOnl
open at both ends the limits of hydrogen sulfide of pre.surt, tho brit~s meeting lit about 50
in air were 5.9 and 27.2 percent (Ixe). mmi. (Vu~).
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CYANOGEN within the range 19 to 26 percent cyanogen,
after adelay ofup to 30seconds. The resulting

Table 8 gives observed limits of flammability ignition resembled a detonation and shattered
of eyanogen in air (265). Other observations, thei tube.
undo~r unstated cond~itionls, gave the limits 'Within the range given in the table for each
7.6 and 3~8.0 percent (826), and, in small vessels, of the higher-Ilimit figures, propagation was
9.8 and 24.6 percent (8) and 6.6 and 42.6 obtained if the tube had been evacuated to
percent (9). 0.01 mm. before introduction of the mixture,

For the results tabulated, ignition was by but not if it had been evacuated to 0.001 mmn.
electric spark between tuingsten electrodes for at least 15 minutes (265).
4 to 5 mm. apart. No dry mixture was ig- Influence of Pressure.-The effect of reduced
flitilble by this spark in thle two wider tubes, pressure on the limits of ignitibility by a weak
but a brightly red-hot tunglýstenl filament inl standard spark, rather than on the ]-`tits of
the 2. _cmi.-<iamnetei tube ignited mixtures 'i-flammability, has been examined (8).

TABtLE 8.--Limits ojftfammnability of cyanogen i~n air

Upward Propagation of Flame

Trube Content of aqueous vapor

Diamecter IL',I gth1 Lower Hfigher

3i. 5 60 Closedl------ --------- 6. 1 If 30. 8-32. 0 Nearly ga'ttrated.
2. 5 60 d----------6.3 29.8-31.0 1)0.
2.0) N0 -Io------ ------------ 6.55 29.0G-30. 1 Do.
2.0 60 -.do----------------- 18.0 2S' 0-28' 8 Dry.
11.5 60- d(o------ 7. 1 28. 35-29. 3 Nearly saturated.
1.5 60 --do- ---------------- 17.25 29.2-30. 1 Dry.

Downward Propagation of Flame

3. 5 M0 Chl.~4ed-- ----- 6.4 30. 1 -.i0. 6) Nearly saturated.
2. 5 (60 do ------- 6. 45 28. 2-2K 7 bo.
2.0 f)6 o 6. 70 27. 3-27. 9 D lo.
2. 0 CA do -. )9. 5 25. 35-1). A Drv.
1. 5 60 -(to- 7. 25 26. 2-26. 7 Nearly saturated.
1.5 60 d(o, ----- 17.7 26. 2-26.6 Drv.

CALRBON DISULIDME percent. Examples of these are pentane, ether,
CARBON DISULFIDE IN AIR avetaldelivde, et hylene, alcohol, and~ acetylene.

Othevr sublstances'of similar action, but niot so
Thet limits of carbon distilfide inl air w~ith up- ma~rked. are henzene, acetone, hydrogen sulfide,

wa ril proptgigt ion (if flamle inl it tube 6 (.iii. in avet it acid, methane, and hydrogen. (7a-bon
(lianlet er and IS ('1) c. inl lenglth, opven at tile Monoxide, eyanogen, and nit ro ell have little,
firing end, are allowt 1-3~5 and 44.5 p''rcent. if ainy, sutch aefi olt. It lies fi en suggested

5.:5 in a 1 tilbe 5) em. in diamieter. 1 .2.5 p ercenit that, as thle lower limit of carbon diso Itid e is
is the lower l Iimit (138). inuch less, coniptired with that of most other

, 'Fable 9 suniniarizvs other del erminat ioma of subsi an¶'eq, than its. hleat of colmbust ion woul1d
tl(.helmits of carbon ,lisiflfide inl air. inichiate. its combustion is catalyzed by a

T'wo older del eriniunalionsa are rteplaced hY thle prodtl(let of itteoniple-te comlbuat ionl, perhapa
fo.rt-going r(umilt s (213. 2.i(). A let ermina tion ecarbo~n monostis lidiv, and thettit aly-At is readily
in at veryN smnall vessel gave t le limit~s as (0.8 and poisoii'd by suich substances a.4 pentane (360).

521 pret 9.S111111 ilmounts, of dliiltvl seletmide, tint totra-
Abnormal Influenec of Small Quantities of a met livi, and lead tvtramicthvl have' a similar

Third Substance.� -l Od 11tion of 0.1 oJr 0.2 vieffer 0.2 pevtieit of thlese snhst aneos raises
percent of cert ain suw) aneevs intto the air raises thet lower Ijittit for downward propagation oif
tile lower limit ldmvnimard propragt ion of flame 'in at 5-cm. Itinbc from 1.90 to 3.70, 3.45,
fflime) of earll0on disulfide fromt 1.9 to about 3I.0 anld 31.0 percent, respectively (2,50).
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TABLE fR.-Summary qof thpr determination~s of iimit8 of carbon diffifide in air

Upwatvi Propagation of Flame

Dimensions of tube, cmi. ILimits, percent Content of Rteference
_______ __--Firing end Far end --- aqueious No

Diameter Length Lower Higher vapor No

7.6 150 Closed ------- Closed--- 1.06 ----------- Dry ---- 858
5.0 150----do ----------- do --- 1. 4i 150.0 K do 8-- 58
2.51 150 ---do ------- do --- 1.71----- ------do ---- 3

Horizontal Propagation of Flame

7. 5 150 Closed ------ Closed--- 1. 67 - - -Dry ----- 853
&.0 iO ---- do --_.--- ----- do--- 1.83 i49.0 .. - do--- 353
2.5 150j----do ---------- do--- 2.08 p-------------do--- 853

Downward Propagation of Flame

7. 5 150 Clo~sed ------- Cloqed ...... J 1. 9i 35. 0 IDry 8---358
5.0 150----do -------- do 2.03 34.0 0~d 858

5065 Open (?) <. ------ do_ 1.90 37.025
2. 5 150 1 Clos.ed- do -- 2. 08 31. 0 1) 513

Bottle, 2 liters----------- Open ------------- d 1. 94----------- ------------ 21

'At W* C.

Influence of Pressure.-The effect of reduced (downward propagation of flamie) (2.90). An-
presureon he imts of ignitbihty by a weak other result seemis inipsiiOiI1Vsmiill (282).

standard spark of carbon disulfide in air, rather Air and Other Substances.-All mixtures of
than on its. limtits of flammability, have been air and carbon disulfide tire rendered nonflam-.
examined (8). Higher limits at 90 to 210 mm. Mohie (downward propagation of flamev) bv, 55
pressure have been given for a 50--ce. pipette percent of a mixture of 2:1.6 percent car~bon
(279). dioxide and it6.4 percent nitrogen, by 20 percent.

ammonia, or by 45 pt'i cent stlfur dioxidle (2.90).
CARBON DISULFIE IN OTHER ATMOSPHERES Nitrous Oxide, Nitric Oxide, and Nitrogen

Peroxide.-The limits (if flammnability of ('aibor,
Nitrogen and Oxygen.-The lower limit of disulfide, ini iitrvaN, oxidv I n aln electric light.

car~bon disulfide, with downward propagation bulb) (ignition by fusion of it wire) were about !
of flame in a closed glass tube 5 cm. in diameter and 52 preenit. at 350 mmn. pressuire. As the
and 150 cm. in length, fell steadily from 2.63 pressure is reduced, the limits aipproach each
percent in 11.8 percent. oxygen to 2.00 in air other, and below 14 mmn., no mixture iF "lili-
and 1.24 in 93 percent oxygen (360). mable (344). The limlits it) ntriC oxide under

Air end Carbon Dioxide.-One volume of car- the saine conditions are 4.!Y and 59 percent 0t.
boa disulfide needs 22.2 volumes of calrbon 400 mmi. pressuire; below 'iO mmi. no lnixtir('
dioxide to make a mixture that is nonflammable is flammable (343).
in air (185). The higher limiits at reduced The limits of carbon disiilflile in any mixture
pressures have been given for some mixtures of nitrous and nitric oxides, at 150 mm11. pres-
in a 50-cc. pipette (27'9). sure, can lbe read from ('ijfl.e in the original

Air and Carbon Tetracbloride,-One volumne bullvtin (4)
of carbon disulffide nee'ls 5.2 voliiiieq of carloIi Limits of ignitibility by a weak spark (rather
tetrachloride to make a mixtuire that is4 111 thaii limits of filmml 06latIV as chlaimed' (if
flammable 'In air. This figure i much reduicedl carbol slliz in nitric oxide and iii nit rogenl
by adding to the earbon disulfide 5 to 20 percent peroxide. have beeni recordod (8).
41hyll bromide, tin tetramethyl, or gasohnre CARBON OXYSULFIDE

(biing point, 450 to 500) (R51). Another
observation is that. I volumie of carbion (lisilfide The limiits of carbon oxysiilfidt. ini iir, ob-
needs 7 to 9 you imip- of carbo toii eriich orid e tzor-ed I . rhal1 m, i in n i eithomller tull Ie. w crc
to make a mixtuire that Is noiifhaniziiabh' in air 11.19 and 28~.5 pt-rcenit, (!20).
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CARBON MONOXIDE tube. The limits for propagation throughout
a closed 35-ce. globe with side ignition are 14.2

CARBON MONOXIDE IN AIR and 74.7 percent (297), and for propagation in a
Whena sallspar wa pased earthe 350-cc, globe with ignition near thle lowest

lower confines of a carbon monoxide-air mixture point, 1. n 54pret(6)
staniding over water in a vý,ssel 6 feet high and In round figures, therefore, the limits for

12 nchs suar insetio, te flloin carbon monoxide in air saturated with water
12 iche sqare n sctin, te fitoing vapor at laboratory temperat~ure and nressure

observations were made (68): are 12.5 and 74 percent CO for up ward propa-
12.8 and 12.33 percent carbon monoxide. n,1.-ecn O(owrlmt o oiStout ring of flame was formed, but flame did gation 135preIC lwe ii)frhnnot ravl te whle engh ofthevesel.zontal propagation, and 15 and 71 percent CO

not5 tae the 7 whoerlength crof thenvessel, for downward propagation. The figures for
1A ring 1o . pla efrcet carbo, hn brokeande. horizontal and downward propagation are

A rig o flae frst ormd, ten rokeand based on observations in closed tubes in which
filled the upper part of the vessel with striae the gases were under variable pressure during
of flame, the experiment.

12.9 percent carbon mennoxide.---A flame as Irifluence of Presaure.-Figure 11 shows the
wide as the vessel itself, with a strongly curved limits of carbon monoxide in air under pressures
convex front, passed slowl,,y and steadily up greater than atmospheric (17, 18, 324). The
through the whole mixture, effect of raising the initial temperature to 1000

In a wide space, therefore, it was concluded C. and of saturation with water vapor at 1000
that the lower limit of carbo- monoxide in air C. is shown for pressures of 32 and 64 atmos-
was 12.5 percent carbon monoxide. pheres. The range of flammability of dry mix-

The higher limit of flammability has not been tures is narrowed by increase of priessure.
determined in large vessels, but experiments At higher pressures than those in figure 11
in a wide, short vessel and in a long, narrow the range of flammability widens somewhat,
vessel have indicated (64) that the higher limit until at 800 atmospheres t~he limits are 19.2
in a large volume is about 74.2 percent car- ad5 ecn abnmnxd 1)

bon an 5 prcntcabo mnoid(0)
The figurxies o ohlmtsrfrt ae Some old experiments below atmosphericTature withre fatr b aothlrnat refe to gae pressure gave the following limiting pressuressaurte wthwaervpoat1*o 19' C. of flammability, with downward propagation

Wh'en water vapor is removed as completely as of flaine iiiseveýral mixtures of carbon monoxide
iq p)s)si1)le in labIoratory experiments, the most ailar(2)
explosive mnixi ureF. of carbon monoxide and
oxYgen can be ignited only by unusually Lire itng pressures for (iounward propagation oj
powerful el-vtric sparks, but passage over
calcium11 chloride raises the lowe~r limit of flanit, carb~on moyoxu.eid-ir ,initures
carbon monoxidle in air, in a tube 2 inches inreue .iw
diameter, from 1:3.1 Ito 15.9 percent (70). at which at which
Othe'r experimen~ts with roughly dried inixtutes Carbon tinonos'de, perv'nt faew- lm a

gave the limtits 15.8 and 68.5 percent for a fluz ""M".
'2-inch-diameter tube)4, 14.5 and 68.4 p~ercent --

for at 4-inchi tube (38). 16A --------------- ----------- ..---------- 454 4)1
The limit.b with dlownward propagation of .----------------- 144 112

flame have inot been :ieterinined in large vessels. 46.5 1 ----------------------------------.

Observations in Small Vesaels.-Tine lower - .-- -

limit with upward propagation observed in Thr Wit wiittufl' in 014 th is rouilt not he tviltNtl at 74 mm.

closed vessels rose soiewhat as thle diamieter either by ani Imiztitofl-MIi oiark or by thV flame Of grUlk~itonr

of t he container was decreased ; the limnits were More recent experimients. Inade inl a burette,
)2.8, 1:~1.1 , and 1:3.2 percent- inl 3-, 2-. and I.- ýInv indicatecd a smiall increase inl f ic, higher limit.
tubes, rt-sTeciively. Thie ('orrt'spotldii)g hilgher as thlie pressure was retlucA-dt (S6).
limits, were 72, 725, and 71 pwecent 0350). Influence of Temperature.�- F'our sets of oh.-

Figure 1(1 indicatesq thle limits with dlownwardl Pwrvat ions have been made (12, 220. 297,. 358)
propallat iol III t itfh's of various (liapmeter. onl the, inflluence of tempe-rai tre. Probably thle
Ihelimit kiun: mrow rapidly when the dIiafnvte-r mlost reliablo restult s are t hosze (358) in table 10,

oif the itt h fail Is tlow I vini. a nti oinctwitc iV hr det erit I iii'iI in a ii osedtuIbe i 2.5 eni . inl disameter
it is ai lit tle more, than 2 minn, anld 1s)ci.in l('ngtIi. withI downwaird propa-

Ti[oe lower limiit with hiorizonit il propa;-i-ion pat oio of flamie. '1 'ies resuiltsa are plot tedl in
('356) inl closed tuhves is 15.9 pern'ent CO for a figulre 12 with tw oI Ilder approxiniat e values
u tho 257 mnun in tlinniiet er, 14.1 Percent (.'() for a ind~icited~ bY St-uN (;20t t ha11t ext end tilie lower

5)1-mmn. tube, and 13.6 percent (20 for a 75-mmn. limit results to nearily titNP) C'.
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70-I.-

- . . . . . . . - -

- -- "iii Iiiiii t I I

Expelmait Flame RefeTmnc
Opm tube............. a Prpaated... 21

OPM ub ............... X Not propegate 221
0.Ctosedtube, 40em. long........... 0 Limit 96

CWW Cetube, 37 cm. l ng _ý..... A Limit 324
- -- - Closedtube. 40 cm. IM n. Limit 323

oCooed tube. 150 cm. long .......0 Limit35
Tub e .120em, Io g ............. , Limit

I na COkd tu,0.................* Limit
z C aetube.................0 Li'nit 21

DIAMETrER OF TUBE, CIENTIMEMrS
Fiavitz• 10.-Litnits of Fla, iniability of Carbit Nl otoxide in Air (Dowuward Propamgation), Sho%%ing Effetct ofDiameter of 'rube.

At. 6590 C. a 5.65-percent mixture was monoxide in air, It iq remarkabfle Ohat theccai-
inflamned (216); at 727' an 82.9-percent mix- culat(d flamne tenipt n~tures; for the hilgher-livait
ture was inflamned (288). mixt tires should be so much lower t han t hose for

the lower lintits; an ad hoe cxplanatuit is that
TABLF. IO.--InflUence (if toml ., ture on lim its of the hfiglhor-limit Inixtire~s react niorr raitldly

flamabl•,of aron om~idtin irthan thow of the lowevr litnit, as the law of 1111S,.;-fla l - nd i t of c la r b i i 7n n o f ar x in a Aio n (pDi o was r) Post ra p id re a t o n i ,ii t c o nt o n

Wcn|peralkirt-, tIl ftit( mtixtun, that coilnittiwi 66.7AL"6590 .a 5A'-percrn mi.ture w ,r m ono cardon aino.tide; bll th, differente In
i0nflmod ( r16); at 7270era, an 82.9-pecent m. Hulite ten epernturf for t hewo hlitsh•r-ll, to

w a (gre,.t to Ir thul exlahined.

! Joloterr tiltS h lr 1(1 ho erpituitiIn i tha

oiwe of t ,n.a Inmih The inhilernclt of tvinl'rature on tht linits at

high presare% is shown ti figure 11I.0lamm........... of3 b oN i- air II'mtnfluence of Impurities.--The lawmr limit of
---- -- 1t. 1 :1 trd .1 carbon Ieiot iOxidr e in air, wi itht do% tarnd inrop-

W..... 14,2 . . .1.4S'.. a tior of flikin., w as rals,, :1 c.r l it b y nd d i-
S.. .. .. ; 11. S . TI r , 41 I lem.. .. .. 'm. Thoef iron ulrbc vl of (li.ei ct . iqre o ie 'l riz,.it

......... - I ' - heihr), The higshowr ninit s h dure d from 690 .... per .I., . .0.... ....... .... 114 L i• M COI o il ab out43 l r, l bll y addir i. l of iroin hiirdonl

(11.022 cc. liquid ValoriZ4e1 p ,r literi t125).

The lower limit, with itupward lprepagalion of
The flame turnptrat lire necr.ssarv to prop- flame in a 2-inch-diaeivier t tll,, wIt's not itlteited

agate flame downward N. niuk it above thle igni- by tlhe addition of 0.3 or 1.0 percent of it ric
Lion temperature (650" C.) of a jet of car bon oxide (70).
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CARBON MONOXIDE IN OXYGEN Influence of Temperature.-In a 35-4c. closed
bulb the limits were 15.5 and 93.9 percent at

The second earliest recorded limits known to 150 C. and 14.2 and 95.3 at 200' C. (2971).
the present writers are those for carbon monox-
ide m. oxygen. In 1810 Joim Dalton wrote CARBON MONOXIDE IN OTHER ATMOSPHERES
"ii* * unless the carbonic oxide amount to
at least one-fifth of the mixture, it will not ex- Atmospheres of Composition Between Air
plode; and the oxygen must be at least one- and Pure Oxygen.-With downward propaga-
fifteenth of the mixture" (76a). tion of flame in a Bunte burette 1.9 cm. in diam-

The limits of carbon monoxide in o.ygen, eter the lower limit rose gradually from 15.6
with downward propagation of flame in a Bunte percent carbon monoxide in air to 16.7 percent
burette 19 mm. n diameter, were 16.7 and 93.5 in nearly pure oxygen. The higher limit rose
percent in nearly pure oxygen (323); in a closed from 70.9 percent carbon monoxide in air to
tube 17 mm. in diameter, 16.7 and 93.9 percent 87.6 in a 51-percent oxygen rmixture, 91 percent
(345). For propagation throughout a 35-cc. in a 71-percent oxygen mixture, and 93.5 per-
globe with side ignition the limits were 15." and cent in nearly pure oxygen (325).
93.9 percent (297). Earlier observations are Atmospheres of Air and Nitrogen (Air De-
consistent with these figures, except that ficient in Oxygen).-The limits of flammability
Wagner's low-limit figure was too high because of carbon monoxide in all mixtures of air and
he used a weak source of ignition (248, 346). nitrogen, or air from which part, of the oxygen

Influence of Pressure.-The limits were not has been removed, are shown in figure 13. .The
appreciably narrowed until the pressure was determinations were made in a tube 6 feet in
reduced below 150 mm., when a moderately length and 2 inches in diameter, with upward
strong igniting spark was used. At lower propagation of flame from an open end (133).
pressures ignition becomes difficult to insure from the ordinates of the "nose" of this curve
(65, 86). it may be calculated that no mixture of carbon

OXYGEN IN ORIGINAL ATMOSPHERE, PERCENT
20 is 16 14 12 10 8 6 4 2 0

7 7 T_ TT_ ~~

CARDON DIOXIDE OR AMIrn}ONAL NHIIOGEq lIN OWlGINAL ATMOSPHERE. PERCENT

FI'tc'tPa 13.- Li,,ut.' of Flaii,,:atbtili of (.aLou ~onioxide. uh .A. aatd C.art~tin D'•;udt or .Nitrogen.
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monoxide, nitrogen, and air at atmospheric All Atmosphems of Oxygtn and Nitrogen.-
pressure and temperature is capable of prop- The limits of carlpon monoxide in all mixtures of
agating flaine if it contains ess than 5.6 percent oxygen and nitrogen, with downward prop-
oxvgV, (167). agation of flaino in tubes 1.5 anti 1.7 cm. in

Yor sortie purt.s-s the results are more useful diameter, are given in triangular diagran.s
when express,(1 (62) as in figure 14. For (2,8. 34s).
.xamuple, a mixture that contains 20 percenlt Atmospheres of Air and W'iter Vapor.-The
carbon monoxide. 8 percent oxygen. and the limits of mixtures of carlmbt monoxide an~d air
reniainder nitrogen is explosive. If the oxyaen standing over %v:.!er in a 3.4'-c. spterical
is reduced to 4 penent and the tarbon mon- vesse-l, and ignited near tle water surface, have
oxide remutins at 20 percent, the mixture is no been deturnnined at various temitprmturts. As
longer explosive but will b,4come so on admix- the te mlperaturtu rifs-s, and comls~tuently the
urc with suitable amounts of air. Iftlhecarbon watlir-vaptr ctntent also., he lower limit rises

iIOIIOxit'11 is ie!s than 20 percent and oxygen is slowly and the higlher limit falls rapidly, as with
absent, no imixt ure wit h air is flammahle. other diluenes. When 54 perctnt of water vapor

In figure 14, "iiposi�,ble mixtumns" cannot is preqtt the limits coinciJe at about 18 prcint
bw pxlutived by mixing air. nitrogen, and carbom carbon monoxide (368).
monoxide. Pe-r more thvtailed explanatitens Earlier experiments, made in a Bunte burette,
compare the corresponding ,e.t0ion on lmethane show similar e!ects, but the range of flammna-
limits in tixt Iures of air and nitrgen. bility is narrower (:65).

The limits wii' h downward propagation of DIrying v ar'hituw chloride hba an appreciable
flame in a clo.,ed titbe 2.2 miL. in diameter have effect on the lowei litnit of Carbon :onouxilde in
also Ixten determined (341). air (p. 31),
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Atmospheres of Air and Carbon Dioxide.- ward propagation of flamie in a 1 .7-cma.-diameter
The limits of tlaniniahility of carboiin ortoxitle tliIe (3,,1).
in jil m~ixtures of air' and carbon dioxide (,an he Atmospheres of Oxygen and Chlorine.-'I'ie
retid fromt one of the( en rvveý in fignive 1 :. The Ii in its of (a l-ton it 1)11o ox tlt ill liliilX iles of owxvg n
determination,; were ninaile in at till)( 6 feet in And ('blorilne. Nvith iiowiiwar'd propwrat ionl 'if
length andI 2 linches in (hlilnieter, with iipwardl filamle inl a tilt,' 15 nun11. Inl ditint,'t tr. ane 1)1(11ted
propagationi of flamte at attmosphieric lwesreSlr Iin at Iriaringilar diinranti NO mtlixt urte of -arlitin
during, propagation (133. 11;7). iinox de al(h cliorl-1 %ie wa 1t1flantuialoi (2.>).

Earlier observat ionis (P-;), sliow, ats, might. he Atmospheres of Nitrous and N-itric Oxides.-
exp~ected. more rapid narrowling of th'' limits, in Tlt,' hii1itis of (ill-bol~l iiooidtitilt' ill llilt ltlý.
Bmnte buot te experintinlts. oxhde. wIt Ii oho%%li'.1Itoth Jtrtfiagttiolt of 11i1ro1c Ill

TIhe himiiits withi (iOIm~iwtIr propagation inl a it I 5-111m1. arelt tt il'IS.7 'ailt S3i.6 lwvi.'t't
closedl tida' 2.2 (Ili., inl (hitnuter lilt%-, also been (3-4'9), inl nitlit' oxide (%%-oI!f X. i~vattlld nil i-otis
det eri in tAIt ) oxhitli- lv lIltw 111httr iti Nuti-rlvamohs. thtellin

Atmospheres of Air and Argon or Helium.- wriit ing, inl Elil-gsh )3.9 ~t.tao ~ litt]l1.4I ivet i!
The( Iiiiiit's of carbto niitoitxitlt' i mixt tints oif tiil, Thw rt'i-tti ttf 1tlairtiiatiiit v of ittixi tlit- itf tilt-imit
wvith arg.onl arlt1 %%-ilt lelhoill. %%ilth ýittwiiwaid ritoittX;t' witIl alSttht ii.tii t i
propagation (if flame lin at lost'dtil tn - 2,2 cmIl. inl Oxid"s IIIIis t'it'l plotte t Il in t-aw~-nilaruith d Illý.rra ot
diamneter, hiave been dv-iheettnet Jv .(31 Ittit tIIle J)'llk usevd N% is too .weak itt i-1ri1ti

Atmospheres of Air Mixed with VTapors of alln v lillixillire of en r1bonl Iltloiixitht and 1t I iini
Halogenated Hydrocarbons.-- Thvt "t ivo'onli. oxidle (228).
v-11" iii~xtiure of carboni iiitiit'i(it'o aiil htir (29t.6 Dilution of 2C0O.--T'-0 ftlw ng i~t-t
I lt-t'nt CO( ) wvas rviititrt'tii ooittlimminahtl it Were't Oh) IItt'td %l ilt ditiowittrdi pruptftat ionlO

h) v (a 2.05 pen-vot of varboni telrat-bbtt-tit for 19 i1i11t. illi thiiiiit',' :'9;;I:
upward piutpat_1I1tut on if fliiiie antd Jo ) IH'1(14~(U )
pert-tIlt for dho\\ yiward jutltt)tiat ion. O il eIit- 1h fjj,
ing tile pt'trttItiqe of Ihilroitt'll, ililtre t'ar-htoi
etvirit-iloniiht wazs rt-quiiii-t. auth oitl liivittisilti it

les w-. as rci-qiot-ti., )Itit thet rtu io of (a) to (b) Iittt

t-ies of n-.-.iilts siiowirtg tile lower raind 35Ar 3~ttit'
bighi o lii f ia-anonl itioro titid ill till tttli*

"I ithol 111111 oxajatisI 111fo- ttt 11:1.;lter tti'

dtovu t d ttiipi"'t Nj, 11.2 ii 7 il7 la111:1nt
!Il'slvet' i.-)k 111111. ill thi' saint'r ( Iiij ven til t I# . CHORI MOOXD

Sim'll 114nlit'oi'lil of 0110111: Ofrh igvitt ATMOSPHERE OF FLOXGEN

nhowiit, \ h1 jtink le.O Io t it t il, tll t,: Inrc 11on i ikAl i rs ift14t1i I1i. i ti lilt' ich ortill- i.i1.d 111th ,11 o\Xgilt

Atrrtspners ofOxygel: ntln p'aragnt Ilioxid art'v- %%111v ofwiltitlt.r()itd... tilv dio* v ~ to-l dit
and Iofii Oxe and, Ar1n Iirnt. iI l4'-i' '' lli ei' i 4111l'quirk !iii racthu io.4 O1'i. ,Iii .hilt
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METHANE Hence, the conclusion is that, in a wide
sl-.ce, the lower limit of methane in air saLurated.

NME~ANE IN AIR with water vapor at laboratory temperature is

'Whotp a spark was passe(,( near the lower 5.3 percent methane, but that, if the flame is
confines of nletbane-air mixtures standing over traveling upward from the closed to the open
water in a vessel 6 feet high and 12 inchies end of a vessel in gas which is therefore in mo-
squarlle in section, the following observations tion, it, may* travel at least 6 feet when the pro-
Werel MadeI (64): portioni of mnethane is not less than 5 percent.

5.1 re( indian.-Avortex ring of flame Furthermore, ini certain circumstances "the
P' e itliltltil('-Aflte of mixtures containing 5.3 to 5.6 percent

traveleil uplwalrd ablout 12 iticlies, btroke, and
died ouit as a tongue of flame :ibotit 12 incithes of methane art. very sensitive to extinction by
hi-iger . shovk'' (63).

*'i. p et ~t Ot ~itfl(.-Tnoneexprimnt 'The hiigher limit of mnethane in air saturated
ring porl flme resolveil it nel ex larmen lto with water vapor has been2 determ ii (1 in a

tra\veled stIin ldIi to the to01 of tlie vessel in glass tubhe 7 feet in length and 10 inches in
at iiexpri ii~: st le faia iiia ; in diamnet er to be 1:3.1-7 percent miethane (68).

otheri~ uxwlmienti s vadent 11111i Ii c '-i extil This, l1igre may be takeni as correcting an earlier
5.6 pt ret 11011111 A stead%- v ilianw with a alld highier estimate (f;4) based onl observNations

conIVexV fronit palsseif thirotigliit! thw Iniixt Ire. iii shiort, wide vessels and long, narrow vessels.
~~~~~ 1N~I 1i1i1 InBI( ~d~h I a similar v-essel. with a paper release at, the

a ghies cvleind ilts 7 u\- f eeti igland It) inhes wii top eqtiiVal(jlt to anl open end~, the I' her limit
(I n mt e. 'bi i nt bseve~I ws 532 ercnt was 1.5.2 percent under the condition of move-

Imnetblate. Sti ad\ coiiliti'toiis were obttinled ilientit;pr to fthe glis(s (4ý5).
lfoinn easLVIy int' li -nlitui iani h o Downward Propagation of Ftame.-i. a large

1. V 0-1101 Ilib 11111 il tll"ox box nearly 6 feet long andl 12 inches squiare in
Iiiiljietilentsect ion the limits with downward propaigation

Inie citsiIn a ves erelstiars tonthtuirte des ribed of 11lame in) a quiesvetit mixture were 5.75 and
wllintlIn 11J thenv to coil to ide thast die lower 13.6 percclit tuletblae; when the box was closed
lhitiii fvo! dinfla toa ion -iipalo111 was e aloaet 4 tit the top and open lit the hot tom, so that
liWic itt iiiethiatilot (.)) Comparisoni of thle *two maltioui wll Imparted to the nmixt ure bv the
Sets of vxjwr1Tilvtl1tý Aillms. bne tr.llat thley expanlsion o)ti luriiiig, the lower limiit with

~~cr ni~hiti~ 'Iiriritl. li eah st te dowiiward piropagatlion was 5.45 p~erc'ent (.415).
tlds \W4~ ign it d c~lci ricadll ait tilt' lower ecud Horizontal Propagation of Flarne.--A-n the

(i tit V.~lIn t li first sitl tic 1latliv traxveled santle box due lower limtit with hloriz.ontal propa-
towiiri Owii vtcitiil ed w\11it Ii artivao.e behlita gIdltonl was a5.55 pt-reent mnethane. 'Fht position
tefilla111w tiii.b ill the seconid v! tile fhi1mii6 of tile openi endl, whiether behind or ahead of the

r~xddfrini t lie clo:sed cniii toi man a paper f11liiit. ls niot Stated ~)
dia1jihai Ii~i tlat "it~ )1o1 ni~lt ion firoko umil III a horizointal glass cylinder 7 feet int length
9.aVe It ven',t f,1r I1t.i indgss' '[le ainud It) imices In) (fillnit'er the lim-its with pixipa-
luiutbluir hali ipi'\v i totli Sits of i'\plritllieits i.it ion thiroughout flie, length of the tube from
and iiiifiruiiiif1 1ititli rvsiilt., til fig-ures obibttiied openl to ,'losod nial were -5.42 to 14.03 percent
wvr&ý -..21ý II-rivlut for Iwirtigaw it'tli uij)waolf uvititatie. I'lie mixtures were only partly
utwoiv flroll lie, owiti viol anti .0 SAl itrcnt for stit iurated wit I It Ntiter vapor: if conlipletehv
tupwlrif niti"pligiut ior inl liic sall 1veSej Itiaril ,at I ura ted. the highier limilt would be reducedi
ifii openl tidll. I lio . fir hre was at great stut1iiwhat . prout N.l to it valuet not exceedinug
ilifercrtis f ~vt%%cv ~i Ow lipp11ii1c o i te 11111 .1S7 1wreen lit ntliine- that with upward
fulitmu In fhil 1%% ittsts III the fi rst they )iipa Im in thle sallue vessel ;,18iL
tiplwicred. aifter :rim' chug abontii 12 inle.to Observations in Smiall Vessels.�-N utnieroug
be "spreadingm froti sidh ito slqlv of the v-essel observ-iutiotis liiive lacin made of~ tile limits of
withl it si rntigi coliv x front atnd to trav\el ait mletblant. III siiall v-essels. Oin tIle whole, tile
tillifointi spciel 1 : in tile scevotil tile flamle 1%as resu It s ait r;fa: -v t'oisiont,'t a is siiowt by tables
tshpuiittll I I lnt colit nI 1olis froti side to side 11 to 14 wlhuen ailmowatice is madv for v~armuition
bilt qoi.s' ofimi-nitoii rtiea streaks in expcriniciutal eoatfitions. otstanding dis-
of fb-ime. t raud6hig iniinl fasier andi ev\identI crc pt'ii I igiire's are not qutotedi liere. because
ill a otiritithent ilitil~ re. It was dilbuciilt to he they .1ave. beenl oxplaiinetl as dule to fatulty
suire that (Iue jilt Ir fllma' co':ld trave(l ititlfi- e~eiimtor fallity imlici-riitatiohl. For ex-
tuiiel4 andl flit be ext iiguil,ýiwd. InI the formier aniple. )il M! least one rewarcli it. Is, cecri ii that
eXp~ri~laI~tit tinl fIbtitue tra\veled Into quie~scetl Othtr iiiixt uresý, of miedthiane 1111 ar woere nort ho-.
gns: ''i thin iii r (t(le flaiit t ro-ivele into g,- ' ngi-w'l PiN :!rilituir (2,'1 tlite i'bse-ratiott
1t1:1 bitd 1i1141ui 1iittioul Ott AC"otiult Of Jf ii smikiah Iirevstr chatigo oti sparking wa

%2 4
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flammability; in a third (232) thle flame speeds for both limits (downward propagation) and
in a series of flammable mixtures of methane foil the higher limit (upward propaigationl). It
and air were extrapolatedl to zero speed, the is dIifficullt to explain a "wall effect" that is
corresponding composition being taken its thle independent of tube diameter (264~).
limit of flamimability--an error, because a Upward Propagation in Small Vessels.- -Table
"limit"' mixture has a flame speed that is far 11 shows the limiIts with upward propagation
from zero. M~Ialny of the older figures tire of flame ill nmixtu res of miet hane and air in the
omitted because thiey are but rough approxi- smnaller vessels. It is evidlent that the limits
mation3 compared withi more, recent results, found in wide vessels openi behind the flamie- -
with which, however, they are not at. variance. 5.3 and 13.87 for- gases saturated with water

A recent series of oexpvrim'-nts in narrow vapor-are not appreciably niarrower in open
tubes has, however, given some anomalous tubes 5 cm. in diameter. Inl closedl tubes,
results, not yet explained. Inia 2-cm.-diameter however, the hilgher limit is greater thanl ill
tube 60 cm. long, the limits were normally 5.40' op~en tubes of e(qua11ldiamieter. hIsie-
and 1:3.72 percent; but, after the tube had been plained by the observation that. increase of
cieaned with chromic acid, washed, dried, andl pressure raises the hig-her limit; enough pres-
evacuatedl to 0.001 mmn., the limits observed sure to affect the limtit. is developed in closed
were 4.70 and 12.86 percent. Ani extended tubes in the earlier stages of propagatiott, while
series of experiments was then made with a thle flame is still assisted by thle initial imlpullse
"9natural gas'' containing 94 percent of methane from the source of ignition. This exlplantl~ali.I
and 0.5 percent o1 '"various hydrocarbons.'" is confirmed by a conliparisoln of two exlpcri-
Tubes 2.5, 2.0, 1.5, and 1.0 cm. in diameter mients in tubes of the sainie diamieter (5 cmi.)
were used, and both limits were determined for but of very different lcengthis. '[le shorter tube
upward and downward propagation of flame, gave a greater higher-limit figure thant the
The ''clean-tube" limits were al ways lower than longer tube, because the press~ure miust rise
the correspondliig "normial-tube" limits, thue faster and to a greater quantity in tile shorter
difference being independent, of tube diameter tube.

TABLE 11 .- Limnits qf flammability of metharne in aii, with, upward propagalion offlarne in tubesi

Firing___ end outent of iteferemee----- 1 Firng nd ~atiticotis vaiwir No.
Diameter i Lngth 1-4wer ffioher

10.2 96 Cloqed ------------------- 15.00 Drv-
7.5 150 - do---------------.35 i-i.1 , i ir5'l
6.2 33 Open ------------- ---- 5.15 13.. 5 attorated 95i
6.0 200 Closed ..--------------- 5.40 14.8 Sn'ial
5.3 150 Or'll--------------526 14.3 D~r%

500 C oNed---- ------------ 1.1
5. 15IS Open .5. 40 14. 25~ hafni'-saturated1

5.0 1SO dot) 5.2-1 14. 02 Dri .

5.0 1 80 -do............iuate
4ý710 -1)5.38 14 3 Sntsl. i W

4.0 100 001oed ... - , 5.5 14. 1 ell)
2.7--------- j.1 Oe----------5.28 225Ir. .

2.5 150 -. do 5.1) Satoraiid .27

2.5 150 C(s'de~u 5.80 13. 20 li alf-sat ur-Ort 15
2.25 1~25 Open . 5 4~ .1 Neariy ttry 110

Horizontal Propagation in Small Vessels.- Downward Propagation in Small Vessels.,-
T able 12 shows thle limits with horizontal prop- Table 13 show-4 the' limits with dlowniward prop-
agation ini the saitller vesselsq. The hinilts for agation of flame ill thle snialder ve~ssels. Tlhe
ci os~ed tubes are narrowed twppreciably by re- limits throughout are -oniewhiat. narrower than
ducing the diamet. r of the tu biv to 2.5*clii. In those found in the largest vi-ssel for the same
open tubes the limit- mneet when thle diameter di--ect ion of propagationl.
of the tube is redlured to 0.45 cmi. Flame is Propagation in Spherical Veuala.-Table 14
not propagatedl, except for a short distance shows the limt,-;s for propalgetion of fitint'
from the source of ignition, along a tube 0.36 throu ?hout mixtutres of miet lane and air Ill
em. in diamleter. cioae sphericil vessels of various sizes. TheL
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TAB3LE 12.--Limits of flammability of methane in air with horizontal propagation of.flame in tubes

Dimensions of tube, em. Limits, percent C
Content of iReference

. ...... ....... Firing ed er aqueous vapor No.Diameter Lengti: J _Lower Higher I

7.15 150 Closed ........... -5.40 13. 95 Half-saturated. -356

6.0 200 .do- ---.------------ 5.4 14.3 Small- 38
5. 0 150 .- do --------------- - 5.,65 13. !)5 Ialf-saturated -- 856
5.)) 50 - do --------------. 5.39 14.2A - ------.------- 277
4.0 100 1- - ---------- --- 5.6 13.9------------------ 210
2. 7 Open ------- 5.64 . . i Dry---- -225
2. 5 150 -- -do- ..-- ...-- . 5. 85 13. 3 1 Saturated 271
2. 5 150 Closed ...... ..... 6. 20 12. 90 Half-saturated -.-- 356
2.25 125 1 Oq)ef-------- ------ 604 Nearly dry .. .110
2. j40 Closed . ........ 5. 9 13.31 E 177

¶10 300 Open ........... 7. 11.6 1 Saturated ....... -176
300 do ............ 8.3 10. 9 - .- do 2---------- 276

72 300 .do ---.-------- -- 8.4- 10. 6 do 76
:56 300 .do --- .......- 8. 4 10.6 .do --- 1-76

45 300 _do -- 9--95- -- -do....--- ------- 76
.36 300 -- o.--.------- I Nil. -do ------------ - 76

Linifts v',in.zit at this Composition.

TABnLE 13. -- Limits offlammability of methane 'in air, with doumward propagation of flame in tubes

Dimensitis of tube, cm. Limits, percent
_Content of Reference

-.... . Firing end iaqueous vapor No.

Dirnitter Length Lower Higher

8.0 37 Closed 5.9 12.9 Saturated 834
7. 5 150 do - 5. 95 13. 35 1lalf-qaturated.. - 356
6. 2 33 Open 6. 3 6.3 Saturated-- 9.5
6. 1 120 6. 1 13.0 Partlydry- . . U85

.0 200 ('lCoed . 6.0 , 13.1 Small. ... 3
50 50 -do--- . sO 13. sM 3S 277
I. 0 150 .do- 6 12 13. 25 llaf-saturated .. 359
5.0 125 Open 5n 5 Drv - 70
4.0 100 ('loset " I 13.33 2---.... 210
2. --- o-- , .' ,.- -2 s125

.1 150 d(to 6. I Saturatd . 171

2 F 150 (Ihwd { 6 *"' 12 10 lihlf-satrat'd 356
25 125 014m 6 1 Nearhl dry 1..

2.2 ('---l-- 5. i 13.6 C 841
1 9 '10 do - 6 I 12 8 Saturated ------- 9.95
1, 9 40 do r 6 r' 12.0 .do - - - l

S5Ope . .' Dry . ----- - ?125
S .. do. 7.03 .do. ....... M...... .1

limits hi',one .),newhat narrower a&- the size th*, change in sine of the angle from 500 to
of colmin ,r is ,l,,reai,,l niod generally corre- -- 90° (iro0.
.olNlu inore nearly with Ole limits for downward
propligatlOll III tubes than wilih those for edher Tr ni.; 14.- -Linit.' of laniabili,,; n
florizontal or iupward prnpagat ion, air, in .yihtri'nd ui v ,i,

All Directions of Flame, -- Figure 15 shows ......................
the lioer limits of tneti.rie ill a tribe 2.25 em. (,i.et , P~rh( , r 'I-n, ' .
ill dillaleter and 12.5 cm . in leniig1h, open at- the , ,,o .r Iliqh.,r ,alr No
firing end and inclineid at Vtrio'ls angles. As
the dlirection of 1hin1e is chiinge,{ from vertically 2 • ',,,,, s - .%,VuSi. -. M

tipwarl to vertiially downward, the ;:,XreaSe in 11W ' i .6r 14. SD 3.

tht lower limit is proporti,,nal Ilo 'tie 'i1'' o e . , of V 12 Dry
angle ovier tile rIaii', 90 to abotit St00 andli to nI n 5.... , 131 ',l trs2
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Flame travels vertically downwar~d

0

1-6

- - -Flame travels horizontally

-- 0

0.8 0.4 00. -0.8
SINE OF ANGLE OF INCLINATION OF TUBE

FIGUaRF 15.-Lower LiJmit of Nittliftne for NArious I hri-ct jors of Propaigationd of Flamec ini a 'Iubv 2.25 0 'n. lin
lijainter.

Influence of Turbulence and Streaming eunistanevs, on the lower limit of natuitral gast inl
Movement on Limits of Flammability.- Whenl a air- 11. H5.).
q111111 fail wnq rotatied rzkpidllv enough bill. riot Influence of Pressure.-No ineasurahie
too rapidly ill mieth[itne-a' injt, n tires contained Changie ill tilt hjindus of lleth' ale inl 11ir couldi hq'
inl a 4-li0 ur globe, tiie lower limit of niethane was discoveretl. either %% hen the~ pre.,stire wasý virii'd
5.0 perve'itt compared with 5.6 percent obiserved bet wveel 753 and 794 naim. (2.25) or, ill the lo\\etr
for qj uies('ent mintx tires inl thle Salle ves,.;el. If the limtit for ilpwvard propatgri ion of flamie, when
turbiuil(ltce waS too vi'olent, howeve-r, even a the lpresi'rtt was varie-d front I to '2.9 kitinlo-

5.6-pervent. mixt urf- diii not propagate mnore pltires inl a vesasel of 111 litirs capa~icity (;?211
titan a short toligue of flunle (33, 85d)). Ali illie-t il'tiig comiparison lilt, lwiitl Inlda~e of

'A sI redminll inovenijetit of tite ga r ixi are the( ef-fect of change Iin presstire fruit., I lto 6
prodhites uMinuiar effects on the lower hiinii!. At. stmosphuervs ortit-h limlits %%flt hidownward
"a speed of 35 to 6.5 cm. a second (69 to 1 28 feet. And horizonital prripagittiimt itk tithes 2 C111. ill
"a minute) ilatme wa'i propakgatedl in a 5.it2-per- diameter (235, 277). Willi downwmardl prop-
('eit miethane-air mlixtutre limt not, at anY .4peed agut ilon, the lira.its change stt'adiliv froit l )
in a 5.ttf-1wrcent niixltire (236). H ence, under alid 131.00 per, ent at I ativos.phier' Io 61.40 and
appropriate, t-otudil ions of lnov(nwitt of the gaa 14 05S percent at About 6 ti ammlnspires. With

mixtre, dwe lower limit of mlethane i5.0o per- horizontal propagation, tlie( lower llimit re-
cen, ite ;tame figure was obttaiited %%hen nuiiined itearl ' Cons-tant (5.6 pevrce-nt) ov.er thtis

Mo~etnetit of the' mixture was produicedl by ralige of preqsurc; the htightetr limilt ro'e' qteadily
expansion ('iiU'vd by its4 ownt vombustion ini front 13.31 percent at I atinosj'll('re to I 6.12
experimetits on thlt propagationl of fiallt, froM pervent At Aboutt 61.5 at llve phueres;. Ini these
elosed t4)o apn onl of it largie v-ssel (p). 137), 11p'rnlnl11threore, thle lowe-r limnit wulith

Hefierence. alav i, inath to5 ohber vatlions ef the horizoiattlt protpaigation was.. itttchttn~eill butl
effect of turliuleutce, ill tamuiewiuat differvot cix- that with (Iownti~irt propliguatioll imicrvasedl
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steadily with increasing pressure. The higher Experiments in a wider tube, 5 cm. in diame-
limit with horizontal propagation incr(eased ter and 50 cm. in length, compare the limits for
more rapidly than that with downward prop- different directions of propagation of flame at
agation. (For an interpretation see, p. 4). pressures less than atmospheric (277). The

The limits observed under very high pressures curves for these limits are plotted in figure 18.
(14/, 17, 32&1) are shown in figure 16. One series Data were not obtained for upward propagation
of higher limits (51) is omitted, because it at the lower limit because, in the rather short
starts with too low a figure (10.65 percent) for vessel used, the issue -vas confused by the large
I atmosphere pressure. The rapid increase in "caps" of flame above the igniting spark. A
the higher limit is renairkable. The differences complete curve for horizontal propagation in a
in the three series of results are to be ascribed tube 1.5 cm. in diameter and 120 cm. in length
to differences in experimental method and in- has, however, been obtained (125). It shows
terpretation. Experiments almost of necessity a small abnormality on the higher-limit side
had to be conducted in small vessels, but the at 150 to 200 mm. pressure, where "green flames"
results doubtless are a fair indication of the were observed. A complete curve for propa-
possibilities of explosion in larger vessels holding gation in a burette has also been obtained (86).
nuxtures of compressed gases. Other curves for propagation in narrow tubes

Figure 17 showslimitsat less than atmospheric show abnormalities on either the lower- or
pressure and at various temperatures, in a tube higher-limit side at reduced pressures (99).
2 cni. in diameter and 50 cra. in hlngth, with Influence of Temperature.-Several older oh-
downward propagation of flame (235). The servations have been criticized unfavorably on
eurve for 200 C. shows much wider limits at the grounds that the mixture underwent partial
low pressures ard extends to much lower pres- comrbustion in the heated experimental vessel
sures than those observed in an older series of before it was tested and its composition wvas
tests (47). The more recent results were thereby altered enough to affect the results.
obtained with a stronger igniting spark; sparks The less exceptionable results are compared in
that will ignite a flammable mixture at normal figure 19, which shows lower and higher limits
pressures may be much too weak to ignite it up to temperatures at which spontaneous
at low pre'sures. inflammation of the mixture was amnost instan-

ow* *ibwWbrc,7.am& m 17

I I ________"___

NrA M •fl

FicuitE 16.--rfect of Pressures Above Normul on iamils of Methane in Air.
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METHANE, PERCENT
Fwu;Rkt ll7 Limiin. of Flammiiab~iity of Niethane in Air, (Downward~ 1roagt iol Shwn Ifunce of r-'r.M~. ?lrestil,

(BlwNrmjal) and' re of at urc .
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I Humdpiogte NO cc.dt(47)- --

f. Clmd btbe. 2am. dl.., 50 em kme (236
8 CW. tube 2 6 mi. tm.,150 em.Iag kW00
4. Caud babe. 1.8c, diam..l50c tol --m - - -- -

-O F

"100i -- - --

5 10 -i l1
- - H"j.. ---- 4Fpt-o;1. imt o Faitutilt% iflt~n i ir 24-m r rpgainSoig nleieo

l ite rang e. of fl t ~anu FlamitY~ ii i~e ~~ iq wiire (-n )oi limits rdefPrupla sat io profr Y ofg t if t e of

sidul-81Y . In eah sim ns b ithevirect, iof oepea factur, as owne The sries l m ay. 4(ig.ee 1 bewt
lir. u of tl~t~itt N- ir~((~iationA if ; 1 Isp&liviir tlakl us( lif ine iatl ie of dia lvt ftitr. i 1fence

lempelitur i 11"va e aillI eisite i t ~~ficaw tt tlv ei. l Ien ltire rntesut rue rlajtivetlhe,4)M itusI5'
Fiurhle 17efert Ie w i t enil ivrs. aswd vfec tio t Ad, i u ntdo nfirmt. ob-v)Wtni that.l1 IifePO tli )cni ii

Thei rangvem o! boauvitiIhiljv ieuls of1 idened bon (i liitsdefnt ase ai troperty ofe the gase

$ilIiftlh)I apari 41)liiits Fo hi fe tim 4 (t, o empera-nit r l e. theries.~ kl m11. ho e r,1
leingthtuint lok e t:Ai qet,ii ufto b t~h' e onirnni~ iitl i the ltrue Ij hit n' fiiiiai.%Il

Figur 17 howsthe cinpirat ire t ~d't ut an d pineoiigninei otf-~u liont in IAv l2..l5loul

severl set of tsts n tigir~' 9, alhcm. imnl li itas well and t 44) vi n.e lmt Inih. oiiih ra t
br owe lnt t eutI i' tv rv a w (r hghe b fiu'ring o tvi iij. r un. i101 hiten I n
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the same circumstances, but at room tempera- (65). With a stronger spark the limits did not
ture, the limit is 6. 1 percent. coincide until thle pressure was reduced to

Influence of Pressure at Various Tempera- 10 mm. (80). A eurve has been obtainedl
tures.-The curves of figure 17 show tile limits for results in a burette (86).
of flammability of methane-air mixtures at The higher limit is increased by an inc:rcasc.1
200, 2500, and 5~00 C. at all pressures betov of pressure above atmospheric. One I bser-
atmospheric. The limits were observed in a s-at ion (330), incidental to other work, is that
closed tube 2 cm. in diameter and 50 cm. in at 10 atmospheres pressure, at mixture contifurn-
length (235). 1 ng 71 Percent miethanev slowly p'jropagatedl

A mixture of 2.1 percent methane in air was flame. In a small bomb (58) the hig-her limilt
ignited by sudden compression to 80 at mospheres rose rapidly from 58.4 percent at. I titllno-iphierte
pressure, which produced a temperature of to 81.7 percent at~ 60 atmiospheres. then slowly
705' C. and a mixture of 55 percent methane to 84 percent ait about 14.5 atniospheres';
at 118 atmospheres and( ;"5400 C., (87). lio%%o~ver, thle mfixt ures cont ained about 4.5

Influence of Impurities.-The lower limit of percent. nitrogen, and thle limits. would be somie-
methane in air, with dlownward propagation what higher iik pure. oxygen. Combu.stion wll'.
of flame, was raised about 1.3 percent, by iron far fromt compflete in such tinixtutres undcr
carbonyl (0.03 cc. liquid vaporized per liter). Mod e I"t elyV I ighI pressuire.
The higher limit was reduced from 13.0 to Influence of Temperature.-In a 35--cc, closed
10.5 percent by the same quantitY of iron bulb the limits were 6.2 and 57.1 atit i5 C.
carbonyl (325.). and 5.1 and 57.8 at 3000) C. (297).

Influence of Temperature at High Pres-
1MTHANE INI OXYGEN sures.--As the temperature Is rtisedl, lit-e prv,-
Thelimts f mthae i oxNge, wth sure required to make certain umixtutres of mci li-
Thelimts f mthae i oxgen wih ue and oxygen flammaitble decreitzes. For

upward propagation of flamie in a 2-infcfh- a Iux ir o

diameter lit)(boen0)f at its lower end, ar 5.15 example, the pressure liltilt (ietm ixiro(ol
and 60.5 percent (138). t ainiig, 81 .7 percent ntelti ta i t at mosplivric

Tabl 15 ivesothe detrmintion of ile temperatutre was tit) atitiosplueres. bill tit 33l23
o1bsere l imies of itheII determinaton ofth C. It was, onil about 21 at mospheres (WS.

obsevedlimts f mehan inoxyen.Curves that show lilt- highlet li11it at elevated..

TABLE15.-imimr~l f othr deertnnatts Wmperlutt un' andt prvssutreý atro given in (tie
T.~tiA 1 .--u~mar? ofothr teteniiatw~ f original paper.

Uimits utf flarnrnubilltiy of rnetallae In tlrygen
Upward Propagation of Flaome MEFhANE TN OTHER ATMOSPHERES

- -- !__ . Atmospheres of Composition Between Air
Dtmcroin.~oilmlt., pcreent and Pure Oxygen. ----Thieý Ijitits of mouuchtt in

itube. ena.
- . -. - Prirtgiid ~ , flixt tire., tf lilt rtocli and oxygen ricbt'r iii t'xV'..r-n

DNmnwter Lenath IA"Fr MOWa. - thuan ortlinarv air hmavi, been found as. follows:
M I In at cloQ4ed glo!Y 2.5 liter; in capiacity ! iw

Oveltn............. ~ lower frinit rose regirmlarlt. From -5.S pe~rcenlt In
------------------------------ -~- . air to 6.0t penro.'it inl k-vgl it it2 :

Hovisntal Propagation of Flame hoirizont al gl n ilt.. 2.5 cml. lin tIunucl er. olicli
at tefiring, end. lhas lower ljit i. fell from ia.
Iw t ~ ~ - reenit. lit it. I it .5.7 pervient iii o.N% Meid anI l

D~ownwardi Propagation of Fla.m. -5. in oxyg-ci n IS.:O: (3) in I closeaf Iulle 1 9i

-~~M fIn, dl iamiete'r the hiwevr liito wlilt J ownvardt
7 5 1 't,... ... ... prpgto f11m r). vgld rm6

Cp.'4 11 prpg

M :~ iiuhrlimit rus.ý firom J'_ pt'revt ltinit air it) iP%
portient lit a ii2-pe-r4-4-?t ox v,_en in ixti 'Irt'1a1.' I

Propagobatio al nam in Glob* or Bomb pe-il ti 91.-pt 1 ent oxNg-%j1 in11M nrt. (3!-'
- -. Atmospheres of Air and Nitrogen 'Air D~e-

s~ ~~r. acm~~cs..m ~ficent in Oxygen).-Largf-setd" expe-r-mliun
-------.....- w with uuixt tin's of inethane, air, tind nlitrzo; lttl

AD cT bwt --- 4 .".... ......... s b heen miade in a utlh.. 7 fe..tIit ielll hn~ awl. Ii
ittclit- lin d iltillemtr. W.~ithi upwturd prlinitpi!miti~l)

Influence of Preumsure.-1'he liniitfr. of miethane of flartit- fromn bhe opien ,'uil of tile tills. thle
in oxygen were not appreciably narrowed uint il nii~t tires thirotigmout were at at niospbcric pir--
tile pressure was reducedt below 150 mm. A suit' and were 'tatumreted Willit wt'er .apor.
modlerately strong igniting spark %~as usedl The ranige of observations aliown in figure 20



LIMITS OF INDIVIDUAL GASES AND VAPORS 45

Of IN ORIGINAL ATMOOPHERE PERCENT
20 19 is 17 1d 15 14 Is

...........................................

13___________

_ _ _ 9 --------

7.

ADtDMOlAL NrTW)GEN IN ATMOSPIIERZ. PERCENT

Filt R1 290 imints~~ or Fht11-atrtbilitt of M.Ith ijie m Mitiae vI f ~r. AAir sliid Nit)e IU..v1 xI; wraflets it. IAfge Vmstis).

COVerN lilt voniposition.s fi-oi hir to mixit~im tha ut sbow nairrower limit, n'pre*t-nt expi'ri-
it Willill the ni~noutit of fixivvii i' tqeo smtiaii for luvm-tit~ in turioui t\-pc., of apjitrartu %vi
ii11114 11 pit.-n ttIt ton,. rct-ardt-it-; of Owi~ amintt! of :ltwtimurd proptimi ion of flame. ()net -iarve
tainlu:ill rtIm-4-. 'lilt he ;t'isn rt'prt-ciit( 114 h0 oitw uzreater viflut-, over part of t ic. iiight-r-
*11I ilit-jtlicre" in eadh mIx~ix r. (if air and hlmiit rt t het viii.' %%iii -r(, obtainod in sa

mir.vi. for eminkipit', 2-1 Ittrtt'n "w~d~tigttial cit)M44l vt-s4i i'' wilith thi* prnessure ino-,- ron-
I rt,3111" tltlitt'l- that theL "lit wostpiwnrc tiwti id-tirabitv flum-ti I lie mimlaakmokini i andi igltp-ue

fort'the 4111-Nrvattn.ti n.*. .dtm1 ;t ietlt of 75 pi~r.-*nt ofimt r...tre I-; kntto F itt i;, ert'a-w mark..uilv the
PIr :titt 251 pert-4-vit tIIgtII Ip . .tlow-: Ib lo tpOf I, 1v er lomutit tufrIlctime. Thet 11,11113 of ufie.-4v
dwi tiiawratim thle vorrevp'nhnz trtnn te of umliturv, %%ilth tdtu' im'rd joropagttion of flamne

livti lnilt. imikosntplira mv ie b rv.-w. It Is Ini a 1ltti tU11' 2.2 t11l. it) d1iftilIt 4-r 134 V andi
[Vttl ilt', 4 tilt tim t r t(n of n hait iis1 1. thmntii1iHe it) a tisdghm.. 1011111 1; t Ill. Ill ilthalieetr (-41)

Ci\*:.tt titi - r-mnaintier i. iitritt~vit thS). when R-Npri's.-i it?;') ms itt figutre 22. F-ir ex-
'1t-rt..,t. of It~it~I lkl' tn 1-tflier 811:11e, It anwitibtt i dtetimed fronm figire 20

111jtmrat mi are- shown linIot' 21. In it .- cmt wit hto't cacuaht l~ olls. tihat the intixt un'
Itithe, ith upip~t irti proprgtl on of fham. In A -t

2
it"- pulottied Iin figure t'.~t The t I'ic r~e t'tti..8
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cannot form an explosive mixture with skir, air, and iiitroggen iust fall below it. The line
whatever the proportions used, whereas the BE is thie line Of lowe if- liits, of fiaminabilitv of
mixture meithanle and (Ethe line of higher limits. .'s

the oxygen content falls, BE and Ch approaeh
Methane ---------------------- -a -. 9 t.w~r until they nice at El \o mixture
Oxygen ----------- --------- ------- 12

Nitoge---------------------------which contains less oxy gen than that t-orre-.
T'mdn~ x ih Eis eploive'r ~,but aill mix-

although not itself explosive, may fencm a setries tures in the area B (' are Nk:thiiu thle limits of
of explosive mixtures with air. Viguire 22 gives flamniabilitv and are there fore explosive.
this information at a glance. Next cons~ider anN, iuixtun, to the right of the

Explanation of Figure 23.-Figure 23 explains ii-ie(EF: for examuple, the mnixture rejpresented
figntre 22. Thie straight line AD (fig. 23) repre- by the point G. oloin GA. rhei, GAe repre-
sents the compos*tion tjj all mixtures: of miethane sents thet mixturez form-edi" in a~eein s G
and pur0ý air that contain uip to 20i pfercent istdiluted ivih air. Because GA- passe's tht-rough

-rtan I . .ttr fmeh n i a the area BE(' the mixture, as It is diluted with
fall above this line, and all mixtures of methane, air, becoine! explosive and remanaus so ai long

02 IN ORIGINAL ATMOPHERE. PERCENT
20 19 is 17 16 15 14 13

1. Hemel. pipe"a. 100 cc. capacity 54.
Z~ Tube, 217 caL diem. 2m
S34okkl to m&6h .Capacit 54
4. Spber.. 2 lit., especity 322
3. Tub*6 5.0 .w di.,uwrd pivpeqalio 9

32' 1

II

ADDITONAL NITROGEN IN4 ORIGINAL ATMOSPHERE. flRCENT
Fuouuz 21.-Linuat sof I iatookin..iItY of V. '1118w ii %% fr 1i,%r aond Nit ntgvo Cvinnpmri-.no of It( -zihi 0butaille.I

OlU 'eti r1 %t-s"-&'.'
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22 - - , - - -T - - T -
Mixtures wh h can r-ot be

produced from methane and air
20 -

Flammable per se

14 ...... ......
u 12

i-
L.Ja.Capable ol forming flammable mixturts with a.-

z (contain to much methane to explode per sell

INot capable of
formirg flammable

6 mixtures with air_____

4 *

0 2 4 6 8 10 12 14 16 18 20
METHANE. PERCENT

-Redatiorj ii-!Weer Qkuanit*tatvý ('kill' IM l aid 1'lagiiiiiiitiiif~ Mtixlum-e of Mtethane, Ar D

as its rornipor-tion -i- ri-prest-fi'ted1% hiflay point tifn- are -,;u1 if there. j a wide range of poe-
wl 11.1, sible tin osv *nii~ure'- ti- dange'r ~i- -(I ticiie

If will now)A 1h( A.'kr that hik - t e of FF the greatt-r-thenn they , a be found from the
is evact iv le I dlv d raiiiirig a f iieOIr~ie- fallowinig l-olvIidtM t mon;:
A to lhe 'viir% v i H aIM *'xte"iviin lthe fangellt S-j)o; then rilixurr' of Etlethane, nit n

to t't tw ~i ofah~e ioI'b Tizzth aiii o'vii p'e riz rj)resN-tkv4i Ih the point finl
toi meet ithingtI Toftttl Xi 41' io th t rt~ TI r~P e h I age ie Irp

of VE ln .1 mu)st pall-ý t iit-.0h0 fikrA whiloe thue sintll all no. nei ii .t ires of the originasi iiix-
hule jotning ai~iv pointllf ' bi fw.P.li to he~ le~ft of amid ailr A- Ihe or~tnnal minituetre iý ddiuted

FE t A tiiiII tail to pAss drli g nih tilt- exphin-ive -l'lp 1;v mvinp kini . tioi Cfwinlpoi~l 41) (Io f ollw

re;!ion WJE( YE !;therefor-e thet I .ourendrv of uvw ntli'o 'e I.i rvi4-~,.sv1tIJ4A ti, pot iM fart her
thosemni .\Irir's ctpabl.' of fTrul.mig- exphe in-u'. 1411d farrt her aio'u' GA z ii ir wo'. 'ire tiNt

Iliiiturti, with f'r. 1w4W ie4Z-4 ''' 0lk-liv it-,' r %I II t Iliz peo . where
Fgio2:1 s~howvs -evildy that any mit inre of G ei'ili i1,Imto k rttis

meimeit, iet'el nilolt-rgin thnit vonltatii . iriinior. Ieiatk mmin ir iý d'Ii-i't i hvthii pwnt thilt Itio Fifit

slioiit 14 .3 pvreetil iii.'thiti. Cail ftnr-.i ;i\Iii~o-. (if tilt '.6g, t~inidiitX1111 *In. ,n dilmivi b the 0~i~t
%%'!IIIe wiH ir If oxygemliý l pr;.n't a 1.iti %\ hr.*0 Iiv iii. 1 -104 - 1.

t'orr.'-poidfmpiio.! -.ýnmelhir atticoun of mew h art. The re't io 111 :I e..: 0,he rink o 0!of .Wnit~tI
~ t ires.mInixtur.e to air in Illein.' 'r- Ijii~ rniilm;

4 t~

~I'io.~of nit'thi111ie. Tit nigenl. andI oxvge'n 1111etil thin ratio AJ -J6 iý thelt, Fil)( forti Ili,, -i'

thati stre-i 'les'it liv all% poinitit it, div' aire immvt ixiitrIe'. Ili-iti. diheI Iiotr -,f ttn

l)(FPb of lignire' '2:) vn-l for-to v~jde.-ive Ymi or,-. hit i iii -.f i ;'it t;!i.twdli o6\t'ire' are, -ti~e) ti 1 m
% hen nilIvd %%iltii air ifl soit alile pnipe'rti tow. ke uz-~ litii .1.1 . i; doii er lim1it) anld ltX)
If It is of iintere%( to know %hat these. peripor- Al .1( (~higheir linilt) K.)
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A-
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15[____ 

___ ________-

Al tmshee o xye adNirge.~ hsratjngwremdea ~mpettIr~Hbv

Liiso itat ntzea ~oI~I'I ae ora. Ildi enJO~ll oeprmei
11nIeeuildwt onad~rp~a o a trmltrprt~rteerepoal
Uifaei ~m-~aut~tb & ~ wmh aebe i at h i'to h

At mospber~e 41 'omupoit;ion (p3.3), gasu ' on tann uf figure 22.itbm' . &~'e

Ahell Atope res of l Oryegen ofd witroen. vao betliane imila wrv mdiat' wemereaoturlies; abovt
onmithe ofjit of t ue ate In ' alir k di(,wn Iline 11071me .Hiat Ital heit osibts to~h experitmabo t.
1itie 2. h deterhnn -d ijnth o ~wsiw re tuadi'ip n a t 6.3 ou perc ntasin ra mnix lre corvtai oing bout
tule f eetn iflaI levngt -l thillW V7 1111W lle / il 'Ittetr woul pereettt. vI of water t v tor the-WS).o

wt uwadppaaton f lioa tmo-Atmospheres ofý Air and Cae ao.O- calmdoivrrvov h o!rbon l D itox le.
phervittoi t;1rs sh owe uuin srjmall dionrew (61) Fr bur J~ the limii(11VIo ,bu wtw o metvv bane inl mave
I imi o experim nt ith tulle 'air heate inh trso air smuandconi(o ove r i osto tht hiox iver-aluitm i t r im v

onteIperllat si or f twce ,11na v t 'IIt air the reum ire watervapor. sillet' temti' wh iaile mo it abot

atnoun 3 fwtrvpr ec,1111o h feet in 1wength and 10 Inches in diatueter, withcn o atrvao
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OXYGEN IN ORIGINAL ATMWOSPHERE, PERCENT
20 19 1s 17 16 15 14 18 12 11 10

5 10

GASES IN ORIGINAL ATl SPHEIME PFACXNT

FioCRE ±Lmt of F'isniiiabilii% of %io1 thane in Separate Mixtures of Air with Carbon D~ioxide, Water Vapor,
Nitrogen, Hlelium, aid Argon.

upi~ ard propaglt ion of flrnte from tlie open 0Ibservatio.1s were made in a ic~rizontai glck~s
endl of t ie I nbv. II a he-ze fit)ntote no a 2 cmi. in diameter and~ 1001 cuti. ill lengthl.
mlixtuare of tuetlatue with a : at iinw~pnwre roal- The results arte e-pressed in ntrvts which show
posedl of air andi 2.4 percent or vinre -i,,bon tfie !iunts of inothaim ini the various Mtinos-
dioxide is iiijiiildo of piopgni aing ltiatet fair plieres of air, ('drbh!- dioxide, andI stich adili-
frote tIbc smilil of ignitit(pli (170) t iona nitrogen) it, iviis d,.e to the liredai pl itself.

)lit'i' , iionsv Iiiiiso in snitiller tipparot us ar! Tlic curves are cof thi saitiei Itpe as-;t tose( of
shw I in i',iii 26. 1114 lestiltSoit ifl in it li-ire 257 and sbow fin fflc~vase inIi th rilagi of

t-c-ia. tid ,ii 'Il trv gases,. show, 'ii genoril, ait iii~ilii of aill nlixi ures its the temlpera-
slitIltly witicr rain24(of flait inimmilit v thlin t 1101 tare is increased (!9J).
obtalined Ali eI! i I 1111 %%ith -list's sat urlited Atmospheres of Air, Nitrogen, and Cartv.n
Nwith hki i aer vpor (tig. 2.1); for iixamiple, hw Dioxiae "Including Mixtures of Air and Black-

i c\i liiiivo at tilospliere ini thte iS-tea. dan-.p).--7vlie hns oif inethane in ittuispliervs
Ihijb. onjj~v in ; i'wr;ýeit varlatr doxide emlil- of wir, tiit ragei., and carbon dioxide are phli iid
paried with '_14 p i-stii in the wider vessel. The fin figuri' 27; tho'v wereolaineod witl firoarhitv
ofor curvi- shiok~i,, igtiir~'i- linitits rtjmres-nit drie-d gatses '[if it tube 2 inches itt dhainti't r, with

e\Jpcriiiiiuit in \,irirnus vessels w ib dotimvwiid upward proliagat ion oIf flamev front the opvn
proaz~ jt.of t!aiem. aId oif lie t abe. ''h' laifior v atit the right
Ijieý Ijiitijs of t lase fitI xtures with do~% ni%,rdj of thev serieýs of curves givesý (the 1lioAit ill till

propagation of 11111v ie it alub 2.2 -iii. in at iosplieres of onliniirY air and carbon dioxidle
diauticter (34 I) find fin it clitsttt glasS, bull)bJ 6.5c MiN inill)- pritpornot i. The st riight-lino
cill. ill I iaimiile~r (2091) have also hcern dttt r- bouinda rv at th Jv lft of the( swries of curves.
milled. gives, with hi t hev (sgel figures Inisert'-d Jivrvon,

Influence of Te~mperaturc. -The limits of fire- the limits in all aitnimsplivt-Ae of air and ntoe
damip inatliospilries of P ir anid cii.hori dioxido mnixed in anyv proport ionn. Thf, whole ark's
have' bep'n de'termined fromt 10t0 to 6000 t bet wevlt refpresonts the Itinta in atmiosphe~re-
Thev firodaipitl use-d cont aint~l 731.8 ptument whii-li are dclicient in oxygzen anad aloo conat in
meothane and 26.2 percent nitrogen. The varboti dioxide. *When the deficiencY of oxygea
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C4 IN ORIGINAL ATMOSPHUFE, PERCJENT tion. These itirvis show thant the( lower limit
20 19 18 17 !6 16 of firedeni.1p i'. ifwrefasvd only slightlyv by thle

1~.'~. ________ - -. presence of blackdamp finid thtat thle (10 tiger ofI -an explosion of tiieed'uap is not remtov ed i y the
presen'e 01 bliitiidatnp, unless thle aniount of

14 black-damp is Fe bligh that the it inospliere is
not tit to work in even if gais mnask~s tire worn.I An artificial suppl)y of oxygn,, or aill would be

13 ~~ne('essiiry for work in an aftt`1m1ospher'e of black-
- - -j damip and air inica ptlble of propagating anl

I ýxplosion of liredlainli) (M).
Figure 22 niay. be used to dlet ermine whether

S- a'y given miui nre of firedamip, black-damnp, and
anl is explosivc or canil explode i: iixed with a

I suitable amnounit of air. TIhe mixt ure is anal-
S1: -- - vzed todetermine the proportions of miethiane,

Iox 'ygen, tiltrog'eni, andl carbon dioxide present.j I 'Pie( carbon d ioxide is asstiiiedl to be replacedl
by n eql 4oune of nitrogen, andltthe infor-
mat ion requiredl is read~ fromn the( figuire, as ex-
plained on page 46; in a coal milne tile amiount

11 - ~of carbon lio~xile inl such miixi ares is about 5
-or 6i percent (often less, rarel ' more), and the

error introdiucced by considlering this ais nitro,'en
is sniall andl on thle side of safet~y @12). IT

EL7xperimients wvith the samne gases in small
_____ 1 - appairat us, with downwvard propaigation of

flamev, bia-vo beeni reported, bitt onl acceount of
the experiimental cotiilitions the limitis through-.
outl are natrro\.a r and thle ext incive lye aiiiotits
of inert gas aire muikch less thaln t hose (Itot 1

- -. above (309).
Atmospheres of Air and Argon or Helium.--

Figure 24 showvs the influetice of nitrogeti. waiter

CARBON DIOXIDE IN ATMOSPHERIE. PF.R('N flmaI . ofaie *1it l ftietl l), 2 a kichthil dnaed

Finark. 25. thil.- (if Ftzuriatjljit (if ethtti'v inI etl i% %0t1 thle firing i'lii0 i Tt. he dilrecitti
Mixtiur',ý tif Air titic Carbon Dioxide (L'xpcriwo'Žrti effects of the three g IlI' ate risei Illdt their
in ~ge Ve.,iiv~). irtiheteiw i:s alc a:d'hs

the gretitist licilt cajlipitilv, it 1114(iti' "I'vgrittst
extincitive effect ott 11111ie. 'h'hie iesoidna

is replacedl by an equal amiount of carbon diox- vur*vt for a rgotli ~t il( sit llO ligim ro ttgtii5 \%ith
ide, as wvould orettr vi' i tnearlv' it) th l oin i- Ililts si~ppos ionl. ats rrgon fil.uts aiIInIIET hietit
bust ion of coke,. hin-si tit rtmosplit-ro.. and t he cor- caipacity thian ttitrogen. 'Ilii' ((live for hiliei:1mii,
respotnding nitinet htainc!tiits Aire all repeei ( igi o etilaictuiht ign hw
by poiuts onl the broken cttrle It rego thtti101i h1nyftio'dtetti~ig'i
right oif thle broken curve rt-prcsi'iits 1mt Iltltii extiunctive effole of fill tIi.1rt gll!4 tpiihiltletL tile
atinwiphe .res forimel by tw lirplaceniec~t of high thietituill ciitlidct ivit v of h14li111 ittak1es it a
oxvgc(n with Iion tiietai art eqtual vohmunie of car- ent, fiiciet fit haut (xt'1lgIui1ivfte 0111ti1 til-git.
hon dlioxide. Tl it region heft of thei broken It seemis, htowevet', that tihe 4-fhiet of diiferv:it
curve rvprvstc. .% tin~s Iin atmospheres formed dwtritial coliduict;-!ties is itisignutiticant luutless the
by the rephitceinent of oxygen wit ii less, t hn differi'ev is gret t (6~P).
an equal volumne of eariomi !i1oxioe. i'lt los- 'Ilie, order of increasinig 01i~hitac of dii uonfq
pheres of t his type are, produced by orfiliary according to figutre 24. i-sA, Ilie, \-,, C0,.lEx-
comnbust ion,. by respirat ion, and 1)y nuin'g pvrnizent s withI similiar sineis of mixturlles inl
blackdatinp and ant (68). narrow tfillies (t.6 and 2.2 (tr.ill, in iattivier), for

As the coin po-ution of blackdamp is variatle, dowvnward proptigntiov of fhami', showedv~ thle
its effec-t onl tybe imiits of nhiel I te is shownr 11 atinte ordler of e~liettey, tcycejt t hut thle position
figure 28 for a range of variat ions iin coniposi- of heliua Iin the serie~s vgried wkith the diii ruer

I wrvoo rS~f vtIN d o6Datbfsl of the tube ituid. perhaps, wlit the sirciigthi of
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02 IN 0O1GIGNAL ATMOSPHERE, PERCENT
20 19 is 17 16 15

1. Hempel pipette. 100 c c. capacity 54I
S. Tube. 6.2 cm. dlam. 95

13 $. Tub,% 2.7 cra. diam. 225
4. homb 2.8 liters capacity 6~4
S. Tube, 5.0 cz. diam., upward pvopagrito 69

7

C02 IN ORCIGINAL ATMOSPHERE. PER~CENT
FwuREi 20.- Lirnit~s of Flauutiabilit~y of Niet hantn iii Nfixt tlrvs of Air ,Itd( ('arboii D ioxide; Comnparison of Re~ults

Obtaitiid ini Sinaller Vemcti.

fthe igmiting, spairk. (For a dliscussionl of this cotihi propflgate flame upward inl at 5-cm. tuobe
ill)Ola l it p l ,st f 1). 5.)

T'he bro-kvtl linc lit figmrv 24 is the locus of (Atmosh. e of Air and Certain Halogenated
miR t ires in whichm the Irati o of methane toD Hydrocarbons.- Figure 29 shows the influence-oxygenl is that required for complete (oflbus- of certfain chlorintttedl ltV-rocarbons, mixed) in
tion, ('11l 202. the stated l amountis with lair, onl the litnits of

Atmospheres of Air and Sulfuryl Chloride, flamniahilitv of methane- inl a Wtble 2 inches in
Silicon Tetrachloride, Silicochloroform, and diamieter iwith upward propagation of flame
Phosphorus Oxychloride.----Th limiits of nmeth- from tlip ope(n em . Part of the carbon io( lxide
ane in air with xvarous; amounts of tulfuryl cilrve is insertedl for conmparison 71 ). Tho
chlorlide, silicon tret rachloride, sdieociflorof')rm, carbon t et rachloride curve has revent IIN been
anld phosphorus ox~ychlorilde hit%-( been deter- re-det etnuinei i~ndepe~ndenfly, with near-N fihe
rniffwd in ýq burette W6 or 17 rnm. in diameter Sallie results (38).
(I 88, 1191). III,. cuirves for t richlorovthvlene and ti'tra-

No motixture of methe-ne and air containing chioroethYlene are incomiplete: fltheq exprill 'llts
more thani 1.2 percent of phlo'tlhoriS ox *vchlo- were carried to the point at whilch the wt nos -
ride wvas flit minable in a 14.4-mm.-dittnmeter phere wa% sat uralt d With theoe 1,1porsA at hobo-
tube, by a spark pnF!ý-d -!! the UPPVi ind of the rotorw t e mpe ratuire. 'I t fclu ioroet han e and
tube, but mixtures containing up to 3.9 percent. pent achloroethiane, up tw the Baturation point,
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CABO 16OJEI T4OPBE ECN
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05 IN ORIGINAL AT1AOSPHERE, PERCENT
20 19 Is 17 16 15 14 13

CoMPoitioo Of NackdaMp

a 0 100

12 - 10 - 90
d 15 66

a 20 so

10 5__ _0___Z I

bl:127_ EREN
Fa im 28. -_iiso _lttm iilYO ehleilM xurmo i n l ka p
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i1i82

12L~N [&ACcP E.FE~ N

Fi a~2.-~Lin tiotFan atd i~ofMt ' i ~I r- fAr ih et i ('teiatdli roahk~a

CHit hC C14xe Ii, d

beaelk nr ilet hs te i oh rmuetoh9i asxte iiso-ehn

attrl~tetIto teirthemaleapait es.'['ie t aproah an, i a -inhi-damI., ube

ptaropor -ti niof vaorf Hthhigher Iintity c uls ills paitwrcidAirapvh on~ti Choiaehydrogen () 22 An ode

bhvre ~ike cinerit dibuntR whosse '~( 14 --->(2 l( to-- Il oidei to feli a'ruuir tanes, sthimg'iuts oife re-ln
(ttrlmltw2 the ltheipr (hetnia lammables.T mix c tito fpporcho ud liltin t-nhiroianictut tuebhoe,
ethures wth ~ir without the hovelp cof ntrbt methne, rateof met tit i lhu-ofi6 t per ent ita tieis then 1.

rife et ietVe ut-tof IV rhonW fiet ra elrid f-irepatl ofplile t he Inxuei lertem Iu oflid ('18a.
Ofltiit t4 uine flaeds wiTe appairently enirVlyi coidpttu fompre tinoll, ixperuesonts,
proorisltgio ofvprti iherma u-paui. aolsmor wNihlws paragrpholt hyrgn (1f 2lame for atldeart

olumey farbo thetýik rviitor. Ide l vaor i t ieas in- ieimts notf o ta it' whole 21,Y)) It~l iftn tithe.t
ervtuileive as tarhon ihioxitlt is thirsnc dfTeid ext cintmitainve ffct diu'gvlvlorhtigherre-
12M peret c'artol tetrachloid flminaimrnlers fil et bane fon il me'iau lams (11S) is ihtlnt
the wixthar~ wineahout it ofl rofaati efat. rong flmf exactv equl tllothat( ofcaionilIl tioletrahivm-i
whereasinc2ivperent of ll rlon d odtv ~ ntrcesark r aty vapv.voiie orvol unie. ieio o Ah

for it lieSilt I' t rfu''.ltital Volum~jej- Vofum t o which twittrs po xpergaition of wint faore (itlerisa-
exincuidv. ho-as i ct-hol 1 d pproxusilul.i pel vit iti of ihe, itt ficti virr'. vese wt of d a ordiiw w lo Itoh-

ext incttiveu effect. gut ion of flhinte, ainve been repo~rted (195~, 19)7,
Tic addiiulon of inicreas~ig axtioulnt of mnedwyl 1.98, 1&.9 200 and diseussu (U').
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Atmospheres in Which the Nitrogen of the gation of flamne in a closed tube 15 min. in
Air Is Replaced by Carbon Dioxide, Argon, or diameter, are 8.0 find 21.7 percent (3-39).
Helium.--Tlie limits of miethanev in atmnosphe-res Atmosphcrcs of Nitrous and Nitric Oyikes.-
in which the nitrogen of the flit- is replaced by The region of flamminability of mixtures of
(a) carbon dioxide, (b) argon, (c) helium, Wit methaneit With mnixttires of n~itrous and flitric
upward propagation of flamei in a 5.3-cm.- oxides is plotted in a triangulair diigritin (.33.9).
diameter tube Open) at the lower end, are (a) Influence of Small Amounts of "Pro.
coincidlent at 9.0 percent, (b) 4.01 and 17.3 moters."-The addition of ghout, 0.5 p,,ruent
percent, and (c) 4.83 and 16.1 percent, rospec- of various possible "promoters'" (dieth 'vl perox-
tively, in compairison with 5.26 and 14.3 per- ide, ethyl nitrate, ozone, ether, eth, yl alcohol)
cent in air. Wthen the diameter of the tube had little miore effect o11 the(, limits of mnethanie
is increased to 10 cm., the lower limit in thuc in atir (upward propagation) than that due to
arygon mixture is unaffected, bu0t in tihe hliumtiy the t hermal effect, of the-ir react ion. With
mixture it, is reduced to 4.5 percent, showing nitrogen p~eroxidle, 0.5 percent re(ueed the
that with iieliumn mixtures in 5-cm. tubes the lower liniii. by 0.33 percent (93) andl 0.2 percent
effect of the loss of heat to the, walls is not by 0.26 p, ercent (70). The lower limit. with
negigible (94). downwrd propagation was not appreciably

in a horizontal tube, 2.5 cm. in diameter, affected by tip to 1.0 percent ofr nitrogen
open at, the firing end, the corresponding results peroxide (70). With methyl iodide, 0.5 percrent
ar" (a' 4.401 and 15.80 percent and (b) 5.55 reduced the irange from 5.26 to 14.3 percent to
ant. 25 perce..ýt ý73). 6.29 to 12.3 percent, (98).

1--. a closedi globe of 35-cc. capacity, with side Dilution of CH4+20 2 With Gases, Inert or
ign~ion, a correspond~ing result is (c) 8.9 and Otherwise.-The following results were obtained
11.ý percent niemhiane (297). with downward propagation of flame in a Bunte

Influence of Temperature.-In on atmios- burette 1.9 cm. !n diameter.
phere of 20.9 percent oxygen and 79.1 percent
carbon dlioxide, thre limits in a closed 35-cc. fgectsqJdiluents upon flamminability q1 C114 + 20,
globe were slightly widened by increase of Amount of C11j4-10# wkfc*,

vihdiluent namead, Is p'esent
temperature to 300()0 C. (Z.97). Diun:a iiqflfamnotbhldiu. percam

Atmospherc.s of O~xygen and Carbon Dioxide, Dilue gnt ------- 1.
and of Oxygen and Argon.-Limih, of mnethane Nitrogen--------------23. 3
in these atniospheres have been determined Carbon dioxide---------31. 9
with dlownward propagationl of flatme iii it Nitrogen has a greater extijadivc Retion than
1.7-em .-dianieter tfibe)( (345). oxygenl, although it has legs heat capacity;

Atmospheres of Oxygen and Carbon Dioxide, ca1rbon dioxide, which has aimich greater beat
Oxygen and Sulfur Dioxide, Nitrous Oxide and ctipacity, also has a greatter extinctive action
Carbron Dioxide, Nitrous Oxide and Sulfur (5
Dioxide, and Oxygen and Nitrous Oxide.- With upward propaigation of flame in a tube
Li iiiits of Tihe lthne inl thei .MI atit 1Ilo5ph(e~ii hav 5 urni. indTaniet or, Icl limuits were foui nd by thli
bween dotermioi-nd fit prv,"SliI's ranging, from111 writ ers to ho 11.85 p~ercenrt C1 14+202) when
600) mm11. downv to tle point of voilic(idetnco' of t tie diluited with argon and 15.0 permcenut when
limlits ((id). (ljlitt-dl withI heliu 1m. Thelo effect of flit, differ-

Atmospheres of Nitrous Oxide and of Argon eW n ue ria oluitivtl inleoty
Mixed With Nitrous Oxide.- The limitst of ' lena ~ '.~i o wrh~
nicltiuiiicin liiirotus oxide, %%it I dow-nward propai- ETHANE
Fraiotn(1 of flauii,' ]ifit ch-viOOl nil'e abouit Ii6 nun. UEI I
in (lianieletr, are 2.2 and 36;.6 1wri-til Q06U), 3.9 TAEIAR
andt 36.3 percent (3.?9), and 4. 1 anid 41.2 per-cent The limits, of eibt ian iii air. nearly dry, with
ait 6001)11 m11. pl-rOSS1ie 1 1. (N)) an iumixt ire of 2 upward propagat ionu of flame iii a I iihe 5 cm.
Voluimies of nlit rogeli and I Of oNVgi'n. equ11Va~len~t ii diaiiiet em, open atite flimfiing end, wevre found
to flit rbois oxide, th1e4 ilimit. un1d'er sinrihutr ondi- fit various timies to he :1,22 aind 12.45 Ir(t~n
it lov an!~ 4.3 and 22.9 pemeeuit . flu'progmessi v (74), 3.1 and 12.5 (146'), and 2.WO a1( 12.50
ad l it ion of argon narrows flt, ran'mige, filand no percent (188).
ilIi xltire %%ithi nitrmous oxilo is; fltninah le uinder TIable 16 sumimarizeR other detorrniiiations of
tire, conililions stated if it contains more lthiuii the limnits of ethane in air.
a~bout 60l pvrveiifu argon, or withI the inixt ore of T1hie higher linift varies4 more thar' dhe lower
2N 2 +±02 if it (('litainsl. More fihanl about. 67 wit Ii thle dirvet imi of proptigat inn of flameit. In
perc'ýnt argoin (21)1). closed t lidas t he higher limiit is apparently tmuch

Atmosphere of Nitric Oxide.--The( limits of affected by tho prosaure dovelopod during
riuethanie it) fiti mo~ xide, wit i dlowniward prmopa- inflamimation.
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TABLE 16.- Svnmanry qf other dete'rmina-tions~ of GiiniI8s~ etha-ne in air

Upward Propagation of Flame

Dim ~ ~ Firin ofLuiisprcn Contenit of Reference

_____ - Firng d -aqueous vapor No.

Diameter ILength Lower Higher

7. 5 150 Closed ------------ -------- 3. 12 14.ý 95 flalf-satizrat.", --- - 3
5.0 150 -do ------------------- 3.15' 14. S -do----------6

Horizontal Propagation of Flame

7. 5 150 Closed ----- 3. 15 12. 85 - Half-saturated------
5. 150K d ---do - 3.22~ 11. 75 do.
2. 150 -open -__ 3.3 10, 6 1aturat ed------------.

Downward Propagation of Flame

7. 5 150 Closed-------------- --- 3. 26 10. 1.5 Hlalf-sat orated -----__1_76

50 150 -- (to--------- 3. %2 10.01 - -do-------------
2.0 4t) -- ~do---------------- 3.132q8
1. Q) 40 - l-------- 4.1)5 1. 55 Saturatvd-------

Propagation in Globes

Capacity:
"La~e-----lse-------------3. 4 10t7.7 .....

4,000 ce- -do. 3ý 1 35r

2,0000c_3 r%1

L wer limits Higher limits

44_4

HYDROCARBONS, PERCENT
FinTritr 30.--tifluenicq of Pres.'irr on Limito 4 P 1'ratirit Ifdroearbor !,mnini lP~ ~trlIroppigiition of I ar)0l

Influence of Turbulence.--- In it 41-1ilur giobe inl lvngth. wvith downixor-I prolý1gfltion oif flitliv
the lower limiit for a quiem-ic't nil1uttew WN Lire plot isi [in llighari 30. (For a disvwuýson of
:1.10 percent, ethane: w Ith a * an nunning at t hvew, gre p. 3.)
high spoed in~side the vesselI a 3.2-p e vircet
Minxtumre did -lot ipilite; but when the (ani was M1ANE IN OXYGEA
ruin at a taoderul e uspeed r. 3 .0-p'rven t iniii.NtIire
exploded. prcdmm'img it pri-4smmrv (if 4A3 at moo- Tilt litiitq -if ethanei inl oxyvgen with upwnrd
pheros (.*; propulguittion of fl:o11%.il int tubl 2 (.11, in dinruetur,

Influente of Prcuvtre. Observittlitysi- ci77i p n! flt-t firing vivi, aire 3..1 anId 66.0 pelemo-n
Ill a Closed hilc 2 cat, in diminictur am'd 40t cmil. (1., l.().
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An old observation placed the higher limit Atmospheres of Air and Nitrogen (Air De-
at 50.5 percent ethayie with downward1 propa- ficient in Oxyg;.n).--Thv limits -,f ethanev inl all
gat ion of flame in a 2-cm. eudiometer (243). mi~xtures of air arid nit rogzen, or air from which

part of the oxygN'(1 hais been removed, are
ETHANE IN OTHER ATM~OSPHEREFS shown in figuire 31. The determninat ionis were1

madi~e in a tube 2 iinches in dliamieter andi 6 feet
Atmospheres of Composition Between Air in lengthý, N itli tipward propagation of flaynu at

and Pure Oxygen.---The lower limit of viihfnv at niospherýiie pre(ssuire dutriig pr-opagationi. From
w; ith downward propagation of flamie in a Bunto flith ordi nat es of tie 'nose'' of thfe curve it mray
biuret te 1.9 em. in dliameter wans hatrdly alteredI be irilcii oiltd thait 10 m~ixttire of el h anv,
as the oxygen in the atmnosphere was inervascl nii trogen, and air 'air propalgat e flamte at,I to 94 pfreent; thev higher limit, rose gradiiidly~ !'m ospheir~c pressui r and t emperaturre if it.
from 9.5 iii ntil to 33~.4 in a 60-p ('lvd t oxy genl co it r111s I es.ý thii 11.*0 p ercenlt ox v in H,'
rmiixture and~ to 46 in a 94-percent oxygen Attrospberes of Air and Carbon Dioxide.-
mixture (.Q23). Th- iiaiitý, of erliaiiý tiill mixtures of air and

OXYGEN IN ORIGINAL ATMOSPHERE ,PERCENT

201 1 4 21z 1Ifl

*- -4-~ -h -re --

-4

2 T- 1H Ifj~~ ~p Jj~
ADDE INER GAS INOIIA4TOPEE ECN
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etondioxide are qhown ill one( of thle curves in Influence of Pressure and Temper,,ture.-4The
tiguire ;it The decterivinaition.; were miade as limnits of ipnqne in itir, with horizontal propit-
described in tIlw pretviotis paragraph (1.ýfi). git ionl of ihiiiiie ill 11 boloil 3.8 ,)1. ill diamileter,

P PAEtIItId 15.3. ('ii1. ill leiig(t! siat I f0fl C. ar ieli
PROPANE ftding) ani (127). Tin' rngep of 1lhiniinahilitN

PROPANE IN AIR w~idv'ii fioin iihout 2 to it percentitat atniospliviwe
Thelimts f popne n ar, ca~v irv ~~itl Jressi Re to( 2 to 17 percent t it 12 atnitiospiieres.
The imis ofproanein ar, ea-N, dv, ith "C'ool" fianlies then Ililite their lippearailre inl

ilpW'N !Td1 propiiigdileml of 112111e inl a tii))( 5' (1i1. Ill richi miixttiies andii exteiid tilt- higher flimit to
diameiei', opeii -At tihe firing, end(, nre 2:37 tiiid 944jeeitt1.4iioliir.
D.,50 pen-eilt (74'), 2.15 iand 9.05 percent (1 Obsrvtins (177) ill it closed tube 2 em. in'rue loi er limit N ith a stattionary horizonltal
flamne (p. 10) il ft ioixt lire rising ait a ritte of dimtet pit(an 40 ein. illln-1higt. with ilownward
abouto !") Vin. peri 5,(*., w isv.with in simiiil ('or;-ec oi prop a gt ion of ihun e atiat litii usph erie tvet.t pein -
for preheat itiv, 2.12 percenit of pliputii& (2SOG). ture and pr)si('s Iir II) to flultili; at mosplieris,

TaIlble 17 oive ni r dcetrniuiatoion,4 of tile fire 1)11)11 d ill f!iguiie 30. (For it ýIiSi~sltsll of
flimits of propa lk, ill Mr. thiese,~ pNe1. :3.)

TAIILE I17.-Saminiary , ofhnMr dderiir nahons )f o i 4prop(7Imf in 0;-

Horizontl~ Propagation of Mine~

1 )aturtcr en~t h tower fIiviw

2 S 1.1k) OpIX.-1 2. 7. 3t Sau-thI.ed ~

Dkownward Propagation of Flom.

2 0 A0 ('1oed 2, iso Jii i

Propagation of Globes

Csvl7 :1 7

On ndtiviitg thle pi "ssiire below aui niosl-iu ic, 0,V oIf the cticvc,4 iti fi~niir 32. in' determ!ila-
the tiinwiý appIronrch widO it iniiuti ntel nio !ti hoI xtliS er iiiid- in it itiulo' 2 liti in diameter
about 100) lim. mi.L~~ d (11 fee; Iin length, with upjward prop~agation

of Iomi tl it at niospfi riv u'evs~ii re duiring propu -
PROPANE IN OXYGE1F gI lions. From the ýrdinaltes of the4 " los'c of

The Jiviit.; of pr))pawli i oN'vgel, with uipward thiis clirve It lflti lit, citicuated that. no minxi re
propagi!) in of flamie in it 2-1 . twit-iiiauiit'tr uInh of propalle, lintrogeni. and aiir it.ititimo,;jtIhrn'
open a jit, it t%(r ,nrda. )Ire 4 tw'I 57 percont prvsqurv andh tiunpera!tiare can propagatev flaime

(,ý 1 !2itn 5241 porctli if .it co-litis less, than 11.6 Pwecnt. oxvgemi

PROPANE IN OTHER~ ATMOSPHEM Atmospheres of Air and Car-bon Dioxide.-
Tlie( limits of propane in till mixixtires of air

Atmospheres of Air and Nitrogen (Air De- find carbton dioxidt, art, ,ýionw inl figuire 392
ficient in Oxygen .- '11e finit s! of prolaiwi in sall Thle dvt trnitnat tow: were' neItle aq det'sribled i.1
llixt ures of air wa nit nrogen can he read from til- hcprt'viowus i)ragriipii(h4~
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Atmospheres of Air arnd Dichlorodifluoro'. Influence of Small Arnounti of "Pro-
methane.-Thev addition of dichiorodifluioro- nioters."-Tlie addition of Phoutit 0.,, percent of
finet hine to air niarrowvs the range of fhiinrna- varioos p~ossible ''promoters' (dieth p1-I1eroxide,
bility of p)ropane utiliti, whien 13..4 pervent or acet aldlehyde, ether, ethyl alcohol) had little
more is present, no muixture is flaninable (170). more effect on the limitis of "propagas" (96

OXYGEN IN ORIGINAL ATMOSPHERE,~ PERCENT
20 19 18 17 16 15 14 13 12 11 10

0:

W 6

L -

z i Carbon dioxide

3

0 40203040w
ADDE INR ASI RGIAlTMSHR, ECN

toa~ 2.--L m so laa;~ti f tpmi nNitrtso irai iiuiau i adCrreDoie

2lm 1n at I ule41(Il ncij r.ow t lmti .4pret adineae tIThi'e

Are ospheen o f Niw igtroe Peroince, the 'ofmmpam ent C inresdixcr s th hig erelimt fro, 9.6to-
ofr pn iroeeroxide i sseilnc('rtiiihl -?NO.,).- 12.aprbont, .96 3).n qtrtd)i i (pw
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CS H.

Fintixt 33S.-Wpight Perevrat Composition of Flainnmable Mixturt' of Air, Nitrogczi Peroxide, and Propave.

BUTANE and 1.5.3 cm. in length, at. 1000 C_. are giNven
BUTANEIN AIRin a dillgrain (I,07). TheI range of flarnmna nl~ih't v
BUTAJ~~E IN widens froin about 2 to 8 percent at tohvm

The limits of butane, in air, nearly dIrv, with presmsurv, to 2 to 16 percent at. 10 atmosphieros.
upward ~ ~ ~ ~ ~ ~ ~ 1 poaainofaeinaub cm "Cool" tianies then Make hevir appearance ils

in diameter, open at th1e firing endl, were 1.86 rich mixtureq and extend the higher limit to
and 8.41 percent (7.j); LK.8 amnd 8.10 (170); an(1 26 percent at 15.5 at~niosplieres.
in a sligh th- Wider tube (5.3 (,in. diameter) Obsevrva-tions 42771) in a (dosed to le 2 cllli In
1.93 andl 9.0 .5 percent (93). dininetice and 40 cmi. ill length, with downward

The lower limit with a stationary horizontal propaguiation Of flame at Jat mosphlej'C ic (pmeril-
flame (p. 10), in a mixture rising al a ratlle of turie and pressure upl to about 6 at m'ospheres.
about 5 em. per second, was, with a smnall are plot ted in figure 30. (For a discugsionl of
corr~etion for Jprehcating, 1.69 percent of thbi'se, see p. 3.)
butane (;M6). UAENOYNTable IS give, Other determinations of the Br~ NOYD
limitsq of 1)uian"-alr mixtureq. The limits; of butene in oxYgen with upward

Influence of Pressure and Temperature.--The propagation of flame in a lube 2 Inches in
limits of hulaone in air. with horizontali propagit- dianmet er, open at t he firing end, are 1 .8.3 and
tion of flame ini a bond) 3.8 cm. in diameter 40.0 percent (138).
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SUITAVE Ji OTHER ATMOSPHERES Atmospheres of Air and Carbon Dioxide.-

Atmospheres of Air and Nitrogen (Air De- The limits of butane in all mixtures of air and
ficient in Oxygen).-The limits of butane in all carbon dioxide are shown in figure 34. The
mnixtures of air and nitrogen are shown in figure determninations were made as described in the
34. The determinations were made in a tube previous paragraph (147).
2 inches in diameter and 6 feet in length, with Atmospheres of Air and Argon or Helium.-
upward propagation of flame at atmospheric The limits of butane in mixtures of air with
pressure during propagation. From the ordi- argon and with helium, with downward propa-
naes of the "nose"~ of the curve it may be cal- gation of flame iii a tube 2.2 cm. in diameter,
etilated that no mixture of butanp., nitrogen, have been determined (341).
arnd air at atmospheric pressure and tempera- Atmnospheres of Air and DicJ'lorodifluoro-
ture can propagate flame if it conitains less than methane.-The addition of dichiorodifluoro-
12.1 percent oxygen (147). methane to air narrows the range of flamma-

TABLE 18.-Summar'y of other deteminations of limits of butane in air

Horizontal Propagation of flame

Dimnensions of tube,Litpret
C11. 1Content of aqueous Reference

Firing end _______
Ivapor No.

INSIaneter Length Lower Higher

2.51 150 Open ---------------- 9 6.5 84ituiated--------------- 98

Downward Propagation of flame

2.2.-----Cloed ------------ 2.2 7.------- -------------------- 41
2.0 40 do---------------- 1.92~ 5.50-------------------------- 9#77

Propagation in Globe.

(aparity:
"Lare"-----(ovsccL 1.6 7i 7--------------------- 971

2,000 cc ----------- _(10 ........ 1.65I--------- Dr%----------

bility of butane until, when 13.2 percent or Influence of Small Amounts of "Pro-
11Wre i4 1)resvft., no mixture is flamimable (1110). moters."--The addition of 0.5 percent of vari-
lit a 1 .6-cm. tib" with downward propagation ous pmssible "pronmoters" (diethyl peroxide,
of flarne the corresp~ondling figure is 8 percmnt ethyl nitratte, nitrogen peroxide, niltrometbane,

(S. 1 ("',ether, acetaldehyde, methyl iodide, ethyl ho-
Atmophers ofNitrus nd NtricOxids.- rate) had little miore vift-ct 'on the lower limit ot
Atmopheem o NirotsandNitrc O~des- butanie in air (upwvard propagation) than that,

The limits of b~utane in nitrous oxide, withi d'ie to the thermal effecVt of their reaction.
downward prop~agaition of flame in a tube 18 Some of the ''poniotersA,' especially ethvl
mmn. in diameter, are upproximately 2.5 and 20 nitrate, affece t. hi' hiher limit, apparently by
percein'. In nitric oxide, with downward prop- somne catalytic actiion. A trace of lead tetra-
agation in n 15-mim. burette, the limits are 7.5 ethyl narrowed the range of flammability
and 12.-5 Percent (339). slightly (9,1).
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OXYGEN IN ORIGINAL ATMOSPH4ERE, PERCENT

tAJt

W111

'CL

ADE INER GASet INOIGNLATOPHRPECN
F wUE34.Lmt oFaIncabiiyo uaei i~uvio i n irgn n fAradCro ~oie

ISOBTANEbutne i atmsphres f ai an nitogen an

of a!ntabndixdat lms dnia

FiThet 3.Limits of iFlammaneinliry wit bupwanei itrd so i n irgn td fArai uDoie

propagatio ofan flan inoshee af tuie 2n nitrogen, inahi-nd
oter~o and 6n aebt. inxie h'rcztl alts ippoemaetyical A

atopei raueae18 n .3pretThe limitst of penbtane int air, with upwardPETN
JSBTN NOYFipropagation of flame in a tube 2 cm. iiin dicciete

and opettcfat thIe firing end, tire 1.42 alld 7.808
The; limits of isobutane in oxygen i'ith UP- pi-rcentl (138) and in a s~timir tube 5.3 cmi. in

ward propagat ion of fiancev in it tucl 2 inches in dianietc'r the lower limit, iq 1,62 percent (94).
diameter, open ait tit( firing end, arce 1 .80 and Ih ~,~1 '. n i~~~rr~a ,Ii-,mi.'i.'I.
48.0 pv~rcent. I he A nwricani Poo4t!lim In'!ili uh, %-,..rrh ir 4%c 4S '. E,. 11-rif,

I io'rlor. I-Irn~t rqepxtrtti for n-twue~a cyci,,hewayie, elltyl cyck')i'ulneuw
ISOBUTANFE IN OTHERt ATMOSPtRESMhceM~i.nne nt 1 I~,r~~ wv, '~qin, t3 ~~~

Rvbllne :,3l i t-I wlare, lm .v .. 3n r th - 17)-1w~Itk~ , aK!hl- t~ uer[111V
Atmospheres of Air and Nitrogen, and of N-lren.'. hv llunKI~t of i. Nll; f it"; 0,it' Irr. '' mt.n' nlhi'hulliii,.

Air and Carbon Dioxide. Tlhce hciccits of iso- ~ wci ape , i~ iriy'pie i h iv
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TABLE 19.-SUMMary of other determinations of limits of pentane in air

Upward Propagation of Flame

Dimensions of int ecn
tube, cm. Firing end I'itspecn Content of aqueous Reference

I -- vapoy No.

Diameter Length Lower Higher

7. .5 150 Closed------------------- . 42 & 0 Hlalf-saturated ------- 356
5.01 150,-do----------------1. 43 8.0----do- ------------------- 5

Horizontal Propagation of Flame

7. 5 150 r losied------------------ 1. 44 7.45 flalf-sat urated ----- 356
5.0 150 1do------------------ 1. 46 6.70-__------------------------ 356
2.5 150 Open ------ 1. 6 5.4 Satutated ------------------ 71

DowLward Propagation of Flame

7. 5 150 Iclosed 1. 48 4. 64 1 alf-satut.rated ------------- 356
6. 2 33 Open ---- 1.3---------- Saturated --- -------------- 95
5. 0 150 Closed ---------------- 1. 49 4 . 56 flalf-saturated ------------- 356

.0 6 A------ ------ 1.431 4. 6 Dry --------------------- 316
5. 0 65 0p011------- -------- ~ 1.50'1 4 75-----------------------3
2.0 1 40 C 0'wd I------------------1 .751 4: 68 - ---------------- 277
1. 9 40- do---do------------- -- 2. 4 1 4.9 Swurated------------------ 95

Propagation in Veussls Other Than Tubes

('apact.y I

(flolw, 14.5 literm ----------------------- 1.2 .......... 96
L.arge........................4 4.5------------------------- 1
Bo(ttle, 2 tilvrs 0Op 11- --- 1 ----- ----------------------1 Soo*

Gl ,2 lt r .1.37 - - - - - - - - - - 32
(;- -------r----------- ------------

Tableu& 19 sunittmri7.eq other determinat ions PDITANE IN OTHER ATMOSHIERES
of the limits of pentanle it)ait'. Atmospheres of Air and Nitrogen (Air De-

Infl'ience of Preusure.--Observationq (;7) in ficient in Oxygen).-The limits of pentane in all
a clos-d lttle 2 cm. ill diraleter and 40 cmi. i nixuntofira nrgnarsh niniur

lengh. ithdoww~id popaatin o flme, 35. The deterininations were made in, a tube
are plot tedl in figure 30. (F~or a discuss~ion of 2winles ni daee n 1et nl.t.wt

thee erve, ~ P.3.)up-ward propagation of flame at atmsospheric
The effect of redured pressure onl the limits of pres'sure during propagation. Fromt the ordi-

ignit ihility- of pentanne by a standlardl spark-, niteq of tile "nost, of t hi curve it i.uay be
r-athier Oian its limits of 11aninninility, have been ctitlculat ed that 110 mi~xtutre of penlane, nit rog"-,,
reported (13). and air at atmlosplheric pressut-., arid tempeixra-

Influence of Temperature.-In a closed tube ture, ctin propagate flamne if i~ conitainis less than
2.5' cm. in diamet er and 150 (,It. in leng th, withI 12.1 per-cent of ox~geit (188).
downward propagation (if flamie, the lower limit Atmospheres of Ai.- and Carbon Dioxide.-
devrva.,ed linearl ' front 1.53 p.'rieent at ablout The limits of pentane in all mixtures of air and
1"0 C. to 1.22 percenit. ait. 300~l C.; t i: hiigher carbon dlioxide are sh~own inl figulre 35. 'Tile

lim~it increased1 linearly from 4.50 rpercent at deternuinat ions wverv inade as tieweribed inl thle
about 17' C. to 5.35 percent at 300~ C. (3M8). peevious paragraph (133).
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ISOPENTAM 14-

The limits of isopentane in air, with upward
propagation of flame in a 2-inch-diameter tube---

open at the lower end, the mixture being at 1F2450 to 500 mm. pressure initially but attaining 1 -

atmospheric pressure during the propagation ofI50C
tile flatme. arp 1.35 and 7.610 por-ent 038t ' ýL

The lower limit, of isopeýntane in' a '2-liter
globe is 1.32 percent (32). 10 -

Influence of Ternperature.-The limits of iso- o 10(r C.
pentane in air with downward propagation of It:

flame in a 2S-1itcr bottle widen from 1.43 and
4.85 percent at 100' C. to 1.10 and 5.25 at 2-
250- C. (21, 23), sC

2,2 DB&1 ffUHYLRPAINE '
The limits of 2,2 dimethylpropane in air, =31

widi upward propagation of flame in a 2-inch- gi-.
diameter tube open at the lower end, are 1.38 r --

and 7.50 percent. (138).4 e 5..

HEXANE

HEZANE IN AIR

The limits of hexane in air in a 5-cm.- 2 4.
diameter tube are 1.27 and 6.90 percent
(1/j.9, 150), 1.18 and 7.43 percent (188); in a- --

5.3-cin.-diameter tube the lower limit is 3.46
percent (.94); in a 4.8-cm.-diameter tube the L
limnits are 1.45 andl 7.50 percent,; and in a 10.2- 0 8 16 24 32
cni.-diaineter tube 1.45 and 5.70 percent (38), HEXANE IN AIR, PERCENT
till with upward propagation of flame from all Firt 36.-Influoiiee of Presstire.o Flammable
openi end Ranges (.J Illxaia-Air itrs

The lower limit of hexane in a 2-liter open
hot :e, apparently withI downward propagattion
o! flame. is 1.3 percent (M2l in ,, t-cm. tube, orange or rrddish (with deposition of earbon
with dlownward propagzation of flamne, thle or tar), and beyond I I percent blue (without
limits were ab~out 1.2 and 3.6 per('ent (V56). carbon depositionl, but With formiat ion of much

Influence of Impurities.-The limits ef hexane aildehyde).
in air were slightly narrowed by the( Jprvesece The lower limit with upward propagation
of iron carbon ' i (t0.03 ve. of liqli~il vaporiz.ed per of flamne iii a cylindetr 30.6 cmn. in diameter and~
litetr) (3Z.5). :frsueadTmesue- e 39) em. in lengthi, vented tit its tipper end(, is

Influence ofPcsr n eprtr.Te 1.08 percent at room temperature. 0.90 percent
limlits of hlexanle in air, with horizontal prop- ait 100' C_. and 0.72 percent at 2t000 C. (M3).
agn tion of flamec i n a bomb 3.8 ctn. in diameter Thelu~himiits of Jicexamie in air have been deter-
111d 1.5.3 cml. in) length, tit several temperatures mined in a 709-cc. bomb at temperat ures up
and presguresutp to 14aSt inos,,)hieres., are shtown in to 22)0' C. and~ press;Ures upl to 11.7 atmospheres,
figure 3~6 (127, 332). 'Normial flamies were but ini thit'; series the nmixtunre was mainztained att
ob)tainled uip to 4 atinospl-eres, but at 4.1 thle experimenietal tempe rature and pressurv for
atmospheres and 150t' (. a "'cool flame" 30 to 45 milwites bc fore testig, in order to
appeared with inixt tires fromt 1I to 221 percent tillow prellame eo~aius-tion to occur. Thle
of hemane. ( lie normal flamne being limited to limits founud Are thlerefore of a f-oiplex mixtutre
mnixtuires fromt 1.2 to 7.1) Jpf'rc•ft At press ires of unknown cOin positI tonl(l5
ab)ove 4.8 atvtiospheres, thbe Itwo rauges met; Curvs-Ashowing, thle itifluencef of pressqure up
for example. ait 6.5) aftmospheres mnixtureq of I to 500 altnospheres; oil the' limit., of ii-lIexane
to 14.5 percent of hexane propagatod normnu in o'rY have been given 11i), but thle rnnge of
flalmes and 14.5 to 32 percent propa-ated "cool" flaninability seemns to be inipossiblv 'Aide,
flamesq. Flames ill mixtuireq lip to 6.5 percent The limit,4 wit h horizont1alxiropagat ion of
wer whitish o-. ylOnwkis, 6.5 to 11 percent la ina45c .-dinet r tI )P, at .200 and
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1000 C. and pressures below atmnospheric, are figure 38. The determinations were made in
given in a diagram (125). The effect of reduced a tube 2 inches in diameter and 6 feet in length,
pressure on the limits of ignitibility of these with upward propagation of flame at atmos-
mixtures by a standard spark, rather than their pheric pressure during propagation. From the
limits of flammability, have been examined (13). ordinates of the "nose" of tile curve it may be

calculated that no mixture of hexane, nztrogen,
HEUANE IN OXYGEN and air at atmospheric t emperat tire and pressure

The limits of hexane in oxygen, with hora- can propagate flame if it contains less than 11.9
zontal propagation of flame in a bomb 3.8 cm. per('nt oxygen (1149).
in diameter and 15.3 cm. in length, at 1000 Atmospheres of Air and Carbon Dioxide.-
and 1500 C. and 0 to 3 atmospheres pressure. The limits of hexane in all mixtures of air and

3---7

150 C.

2

I-#
CL?

i1 - - -i i ii -
0 20 40 60 80

HEXANE IN OXYGEN. PERCENT
Finvarn 37.--Influence of Prvosiurv on 1•iIXT111ae Rlt•lIge" of I:ePXate-Oxvgeni Niltirto.

are shown in figure 37 (127, S3UJ). "C(oo!l- carl)jn dioxide are shown in fignre 38. Tile
flame ranges are indicated by the h•lladed branch delterninatlions were mnade as descrihed in the
curves. It will be seen thnt, at. !500 C., cool previous jparagrnfiph (1.4'1).
flames can be obtained in certain liexane-oxygen Atmospheres of Air and Certain Halogenated
mixtures at pressures from 0.9 atmosphere up- Hydrocarbons.--Th, addition of in'reasing
ward; the corresponding figure for ihexauc-air amlounts of nethyl bromide to tile air causes
mixtures at 150' C. is 4.1 atnmosphietes. tile limits of liexan, to approach and, in a

2-inch tube, to ineet when 7.05 percent of tie
EANK IN OT"HE ATMO,3PHR niixtire is niethyl bromide; in a 4-inch tuble,

when 6.0 lwrcelit is Inet livl brolide. With
Atmospheres of Air and Nitrogen (Air De- dicilkrodilhioromethan,, ("fre4o-12") in similar

ficient in Oxygen). --The limits of hexane in all experiments, ini a 2-inch-ilialneter tube, the
mixtures of air and nitrogen are shown in correillpOr1mniig figure is 13.51i(i'Iet of freon (38).



LIMITS OF INDIVIDUAL GASES AND VAPORS 67

OXYGEN IN ORIGINAL ATMOSPHERE, PERCENT
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;z*e Theonici miot,,dne iI etn n iwt

0rit ar 1.0 1nd 2.0 pere5 (30) 3 5 40 45

Them 38Limitsi of heparnmsin ir, wit H pwa rd nNixuso p ir~p~ au Nitrofen slide Air au Carbon 2 Dioxide.i

ope a. he ow'reHnd BUr NE sttd a1 n .1 ecn.(3i .0pren I and 6 aecnd (101) An similvar

he lw r lirni of i%2 1. d2 ,3 pereetit butne t. one imit inl a 2-lite r opctri bot tle, appJarently
The imis o hep ai inair(4linenion of with dimownward pro p~alj onl of fliami, gav 1.0

inse a nd, w ith u vrec o o lm propagu tion offlin II per~cent (8tl2 lwrlii2f1).nei ir(2)
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ISO-OCTANE chloride that will render mixtures with various
I-hydrocarbons noxiflarnmal)1": (a) When the mi~x-

The lower limit of "iso-octane" (2,2,4 tr- ture is N-latilized as conmpletely as possible ati
methyl pentane) in air, with upwardl propaga- room temperatures, (b) when a flame L: pre-
tiort of flame in a tube 5.3 y-in. in dliameter, is sented momentarily to the free surface of dhe
1.15 percent (~94). In a tube 2.5 vin. in dium- liquiid mixture, andl (C) whlen a flamle is pre-
eter, 18 inches in length, open ti thke top, the sented momentarily to the( exposed end of it
limits are 0.18 and 6.03 perven~It (188). wick dipping i~itG thie inixti,re (1.;8).

NONANE TABLE 20.--A 1fin inuin percentage.,;t by/ rohime, of

The lower tjn,'t -f tiurane in air in a 2-liter carbon tetrachlorile in noqflaininable ixt1uJ't"f
openl bo0ttie, apparently with downward propa- whhdoabi
gation of flame, is 0.83 percent (221).

DIHLlD N ydrocsrbon Valor Lq O

.rhe limits of 3,3 diethyl pontane in air, with P;cnlate.................. ........ )7

upward propagation of flame in a 1-inich-diam- iipae........ ..... --- 7

eter tube, open at its upper end and at a 67 50 t67

sufficient. temperature to volatilize thie diethyl iiasollne......................----- %.5 50
pentane, are 0.74 and 5.75 percent (138).---

TERWTY PENTAN The amount of carbon tetraclidoride that
must he added to iiaphithas to render t hem

The limits of 2,2,3,3 tetra-methyll Sntane in "ireasonably safe froma fire hatzards'' Is its fol-
air, with upward propaga;ion of tiame in a lows (6):
2-inch-diamieter tube, 18 inches in length, open .

at its upper end and at 100' C., are 0.77 and
4.90 percent (188). chI d by

DECA.NE Naphti Dewil Tel eurc .111h:1

The lower limit of decane in air (dimensions fauK
of apparat us and direct ion of flamne Jpropagettion
nlot stated) is 0.67 percent (25-3).

MIore' ricenit det't4flhillitiotis of thie li11mits of 2 V

n-decoine in sir, withliupward propaigatiloll of 3., 07

flume a 2-inch-4liameter tube, ts biu-ihes InII ___

length, open at its upper vi11( alldi at 1000 C.,
are 0.77 and 5.35 peret-at (1.[%R)

DODECANE ETHYLENE IN AMf

The lower hniit of (loclicnne in Air (dimett- The limilt of mtlivneici it air, with Iiipwt.ro
sions of apparatus, direct ion of flame propaga- propitgation of visible flame l it a Iuf' : cnia inl
tion, and t,.mupvrattirc not stated.) is 11.61) per- dianwter. open ait tlht' firing (-tid, orc.0 ittiSad

cent 638;S. All invIsibl' flamile. detect aide livN at
PARAFFIN HYDROCARBONS IN GENER.AL resistance lierinoimncter or therino-iieuph- ;o the(

PARIAFFIN HYDROCARBONS IN AIR t op of the( t ubc. t rnveli t liroughout the tIt-cu
lcegtll of till t ila' in nilxt uirl.4 ove^(r I he ligi-l'

The lower hrniut iii air oif inndi.',il of the limit of vsibihi. frlaro proiixigation., 111p Iii :;2.I

p araflin st-ries. withI upward proipagittion of pen-cunt. Whet flte diunneter of th Itibt lia'
flanie in a 2-inch iibc. ure riven approxi.ma~~telY intrci'u'ied to 10.2 cm. hoeeth hi imitq aire
by the broken curve iii figure 58 (as de..i bed 3.20) and '22.7 perceent only r 3s.
on p. 114). rabilc 21 sunimarizc-s other di'truiuuuimo0 i(iti~o

HIGHUR-PARAFlD4 HYDROCARBONS IN OTHER flth- lim Its of i. tlu vl 1,' 1 Hioai.
AThfOSPHZRE 'l14'he 'ligcr l Iinit dlependstt ver !mli uch tnime

hirict ioru Of propa)Iga~t ion of flaunt'o.
Atmospheres of Ar armd Carbon Tetra- Influcrice of Pre63ure.- Experiumuenis In ni

chloride.-7-Table 20 dilow-i thll mniulimitimm per- smafll iliuiil1nrivil lionlm (14) showe-d thalt pro's-
ci'ntages, bYv vol-anuic, of liquid carbou t etra- surv haed a pronounced virect, onl fit(, limits of
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ethylene in air. The lower limit rose froai 3.5 diameter tube, open at the firing end into a
percent at normal pressure to 5 perce/t at, 20 large reservoir of air which maintrins ,dnost
atmospheres, then fell to 1.5 percent at 380 constant pressure during the experiniuvW, the
atmosphieres. The higher limit rose rapidly limits converge and meet at about 9C mam.
from 16 percent at normal pressure to 68 per- pressure. The higher-limit side of the curve
vent at 90 atmospheres, then rose slowly to 71 shoos irregularites in that, in cerlain ranges
percent at 380 attiosph(,res. of pressure, there is a narrow range of (co )posi-

At pressures below atmospheric, in a 1-inch- tion in which flame is lot ppiropagted 7104).

TABLE 21.-Summary of otlxer determinations of limits of ethylene in air

Upward Propagation of Flame

Dimensions of tube, Limits, vercent
CHI. Firing end Content of aqious I Ref.rcwne

I I Hvapor No.
Diavtpter Length Lowý,r IIkilher

10. 2 96( Closed 1 2. 75 24. 0 Small 183
7. 5 150 do--------. -- 3. 02 34 |talf-satui rated .356
). 2 33 Open ..- 3.4 20.-55 do 95
a 0 150 Closed ------- 3. 13 3. 3 do . . .... 556
2 5 150 do --. --------- 3. 15 27.6 (1o ---- ..... 356
2. 5 ,50 Open ---- 3.3 25.6 Small _ 49

Horizoatcl Propagation of Flame

7. 5 150 C'losed 3. 29 23. 7 [talf-satuiratci 856
5. 0 1150 ( _. - 3. 25 22. 4 ito 356
2. 5 15:" do ' 3. 30 11. 0 do 356
2. 5 150 ()p Op . 3. .4 14. 1 Sm0ll 49
2. 5 150 do & 3.30 18, 25 (d t1o
2. 5 150 do _. 3. 1 15. 5 1O.

Downward Propaqation of Flame

7. 1 150 ( 'l+,!t 3. 33 15. 5 l1alf-stit rate d66
6. 2 33 Open3 3. 4 Sntnirated ,90
6. 0 120 3. 15 I-I. 7 Partly drieud
5. 0 150 ('hosed 3. 12 ). 3 ilaIf-sat itratel
4. 0 16 do 4. 0 1.1. 5If
2. 5 150 d3 3 45 t13. 7 ttatf-.•iarat,.I 356
2. 5 150 l) Opeu . 6 13. 7 Sml( 49
I. 9 40 ('lo,•w(d. . I. I 14 6I Saturtled 91i
I. 9 .10 dto 3 9 14 1 I, $23
I. B 3) do 3. I I.I. I Dried o17

Influence of Temp!rature.- ()f two ,: i of oh- i.•'rboiil ((0.0 3 i., li'i -ad vaipriz.ed per liter)
si-vilt ihoI (12. S.iS) ol the. jiiflll.ti,: of te,,t,!trit- (325).
t~ll,', llle a14',rs to be' i,'litli, (,55S). '1he, ETHYLENE IN OXYGEN
dleter- uiiinat wero, nmdle il a closed til.h 2.5
11. in diniet,,r mid 1510 'lit. in lhnglh, v, it Thi, limits of ettheu, in oxgen with Ii,,ard
downward parolfa•ltiotlt of Tlhet,. 'i' lower f)l-i)ih m iith Of m I iih,'5 i-I. 'i tlial..,h~t.

limit dtere'ased o liI'enrlv front 3.45 (accent( open it, tho firing v'ndl. are It adl 7!t.9 INt reci.l

elivhehne t aihoua 17' C. to 2.50 I4r,.ent at (t;,/ .. 9 ) it d 7!.9.)9 n 163
4{0(ý° ('. TI.e hig.her inall iTi-c'-ased fromt 3.7 Tablaile 22 sunitniaize.s ,o I-, I( civi'|-tnalaitlijolt
pervent at alout i7{' h . 17.9 twr) rennt ait of the limts of vilivil\ie in oxygell.
30)(: (C'.; the rohte of inrtlcnsil bec1,amntle greater Influence of Pressure. (C''rtlin 'tin l,,l',-
as till tt'1(ntpitsr' wa. inTreaseul40. Ox\g'n ii\{llt~ins aire still Ililaiithlcble at 301•1n.

Influ-tnce of impurities.-- Tnie lower lhnit of iir.s.tlrc , (/iA) , Thib. is oullfirlnI4 , liilld
efityihl, il, tli ai as sv.are', itfri•' it' hIs.. small two, 'nall irl'i i litrl I le iti' " lo \h tt oi t ile t,, dier-
(I,!taititlas iJ iroI, ,a-hon -%I. Thie higher hinit Jitnil l riu,'h ief til', dilawimFlu sbolulig t'l e.ilatiOll

was rclt,,',l fomni 14.7 to, 12.41 ptbreeit by iron bet wi4,l prrsirr',it.iud a 1irits.



70 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

TABLE 22.-Sumama'y of other deierminationa of limits of ethylene in oxygen
Urwara Propagation of Flume

Dimengliolq of tube, Limits, percent
CIII. en lit varcr l.eference

'- Firing cnd ______ ('ozitent of aqueous vapor No.

Diameter Length Lower 1lghei,

1 0 . 2 9 6 ( l o s e d . . .. . . . . . . . . . - 2 . 9 0 S _a l l _- 1 8 3

Downward Propagation of Flame

4 16 --- ---- 0 7012-C( lo se d _. 6
2--------- d---- .... 3, -- - ---- --

I \Vatcrsah'd----------. 3. 4 77. 5 1 Satitrated/ .. 6
1. 4 . Ciosdl 4, 1 60. 2 20.

I Tb( prvinct' of 5 'rtavit of csrbon dioxide reductx4 thL" figure t' 50.)

100 _ __ -T

90 1

1 i Nitrogen -100- (ethylene +otiygen'ý

8_60 - 1 1

750---

z
w

0 Flammable per so

40 _ _

20-

0 10 20 "30 " 50 60 70 s0
ETHYLENE. PERCENT

•"i~L:RK30.Flamabiity [ ];llL l~qc-O~gt -NiroKC: .ixturt,,q.
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Influence of Impurities.-Thc addition of Some earlier observations (95) show, as
small quantities of nitric oxide to various might be expected, more rapid narrcwing of
mixtures of ethyl-nc and oxygen reduces the the limit.s in a Bunte burette.
minimum ignition pressure and may, therefore, The limits for downward propagation of
widen the range of flammability (104,). flanie in a tube l.0 cm. in diameter have been

ETHYLENE IN OTHER ATMOSPMERES recorded (217).
Atmospheres of Air, Nitrogen, and Carbon

All Atmospheres of Oxygen and Nitrogen.- Dioxide.-Thle limits with downward propaga-
The composition of all tlammable mixtures of tion of flame in a tube 1.6 cm. in diameter have
ethylene, oxygen, and nitrogen is shown in been given (217).
figure 39. The determinations were made ui a Atmospheres of Air and Methyl Bromide.--
2-inch-diarnetur tube, open at the lower end, The addition of increasing amounts of methyl
with upward propigation of flame (!63). bromide to the air causes the limits of ethylene

Atmospheres of Composition Between Air and to approach and, in a 2-inch-diameter tube, to
Pure Oxygen.-The lower limit of ethylene, for meet when I i 65 percent of methyl bromide is
downward propagation of flame in a Bunte present. The lower limit of ethylene is, how-
burette 1.9 cm. in diameter, increased slightly ever, appreciably reduced (down to 1.95 percent
as the oxygen in the atmosphere was increased with 10.5 percent of methyl bromide), showing
to 94 percent; the higher limit rose gradually that the bromide takes some part in the com-
from 14.1 percent in air to 47.6 in a 60-pertent bustion (38). (For a comment, compare the
oxygen mixt'ire and to 62 in a 94-percent corresponding paragraph on hydrogen, p. 22.)
o.:yg.en mixture (323).Atmospheres of Cabon Dioxide and Oxy-

Atmospheres of Air and Nitrogen (Air De- gen.A The limits of ethylene in a carbon dioxide-
ficient inOxygen).-The limits of ethylene in all Oxygen atmosphere were given in some old
mnixtures of air and nitrogen, or air from which experiments of doubtful aieuracy (in;6). (Seol
part of the oxygen has been removed, are show-n e rmo a footnote to table 22.)
in figure 40. The determinations were made
with lupward propagation of flame in a tube 2 Dilution of CGH4+30 With Gases, Inert or
inches in diaeter and 6 feet in length, open Other Nise.-The following results were obtained
at the firing end (lf.'). with downwaerd propagation of flame in a

Atmospheres of Air and Carbon Dioxide.- Bunte burette 1.9 cm. in diameter (95):
The limits of ethylene in all mixtures of air and
carbon dioxide are shoxwin in figure 40. The Effect of dU•ents uponfluammabili•y of
determinations were niade as destribed in the C.H4+801,

reviois paiiragraiph). A-u*4 of C'l 4+SO
MsitrA, roSA ddut'W
qq,,wdl. it pt'¢aen(int

30
Diluent :1,,s

-Oxygen_.... ..----------------- 15.425 'l '"N itrogen ...... ............... & 5

Carbon dioxide .............. 22.

Atmospheres of Oxyger and Helium.-The
4 \conposition of all flamnmable mixtures of
W etll:ethylene, oxygen, and helium is given by a
Q.' _curve alnost identical with that of figure 39,

except that the "nose" of th, curvo is at 8.5
z, percent oxygen (163).

Atmosphere of Nitrous Oxide.--The limits of
10 " .etlieyhne in nit rous oxido. with upward propa-

gauton of Ilarme hin a 2-ihich-diinmeter tube open
c 'turs at. thie lower end, are 1.90 and 40.2 percent (163).

With downwhrd propalgation of flanme in 9
- MOMS=closed tube 4 (cit. -in dianletr and 16 eIi. in

length, the ilimits are 5 and 35 percent. The

0 1; 20 30 40 50 60 prrsence of 10 percent of oxygen raises the
CARBON DIOXIDE OR ADDITIONAL NITROGEN IN higher limit to 47 percent (12).0J.

ORIGINAL ATMOSPHERE. PERCENT Atmospheres of Oxygen and Nitrous Oxide.-
Fntit : 40. ---. iniiis of lIatImrabflitv of I't:h eine The lower limit of i lhvlene in iixttures of

iii .Air wid Carbou Diju.de or Sitrogeni oxygen and nitro,.s oxide falls slightly as tile
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percentage of nitrous oxide rilses to 50, then PROPYLENE IN OTHER ATMOSPHERES
more rapidly as it rises to 100 (168). Atmospheres of Air and Nitrogen (Air De-

PROPLENEficient in Oxygen).-The limits of pro pYlcia' in)
PROPL~4Eall mixtures of air andl nitrogen are slIi wwn lby

PROPYLENE IN 'AI one of the curves of figure 41. The determima-
tions were made in a 2-inch-diameter tubhe, Open

The limits of propyiene in air, with upward at the lower end, with upward popagation of
propagation of flame in a 2-inch-diamieter tube flamne. No mixture of propyrlene, air, andl
open at ifts lower endl, are 2.40 and 10.3 percent nitrogen is flammable if it. contains less than

(161).11.5 percent of oxygen (151).

OXYGEN IN ORIGINAL ATMOSPHERE, PERCENT
20 19 18 17 16 15 14 13 12

2 N -_ - %hoetc, njue

K0:Z ho

0j4Mxue 4

ADDED INERT GAS IN ORIGINAL ATMOSPHERE, PERlCENT
Finvptr 41.-LIi~titits of Flammiab~ility of 1'rom viiyIe n in Mixi tirv. of Air andI( Added Nitnko-im andl ( irto~IN )iui

Ta>23 gives other dletermnijations of the Atmospheres of Air and Carbon Dioxide.--
limits. Figure 41 aivso shows the fiiiuits of p~r: )%Ivrwl in

PROPYLD IN OXYGEN all niix~t ret of air and earhoii dioxidhe', deter-
mined wt in the previoutm paragraph (/,51)

The limits of prnpi-lene in oxygen with Atmosphere of Nitrous Oxidt.- Theý hiiniukof
upward propagation of flaine in a WI uv 2 incdies, propylene in nitrousq oxide(, wit h upward praipa-
in diamneter, open at its4 lowe~r t-nd, Pre 2.10( gat ion of flamne in a 2-in, b-dltine eer it nb. open
and 52.8 peci-rent (14-1, 150). at itm lower i-tid. are 1.43 and 288N percent (16f3).
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TABLE 23.-Summary of other determinations of limit8 qf flaramability of propylent in air

Upward Propagation of Flame

Dimcnsions of tube, nimits, wrent
era. IReference

Firing end Content of aqueous vapor I No.

l)ianetcr Length Lower Higher

IC. 2 96 Closed . - 2.00 11. 1 Dried ------------------ 150
7.5 150 .do .............. - 2. 18 9. 7 Half-saturated ---------- 366
5.0 150 -do ------------------ 2. 21 9.6 -. do --.......-- 356

Horizontal Propagation of Flame

7.5 150 Closed------- -- 2. 22 9. 3 Half-saturated ---------- 356
5,0 150 .... do---.. ..... . 2.26 & 4 .1.. do ----------------- 356
2.5 150 Open----------------- 2. 6 7.4 I Small ---------------- 49
2.25 150 do 2. 58 7.5 ..- do ------------------ 111

Downward Propagation of Flame

7. 5 150 Closed ----------------- 2. 26 7. 4 Half-saturated ---------- 356
5.0 150 - -do .---- ------------ 2.29 7.2 .... do -.-.-------------- 56

BUTYLENES Table 24 gives other determinations of the

The limits of the various hutvlenes in air, limits of "butylene."
witht u'ward propagation of flame in a 2-inch-
diameter tube, open at the lower end, are (138): AMYLEK

"P""rcit The limits of b-n-amylene in air, with up-
-u---I- -.1............... . 98 and 9. 65 ward propagation of flame in a 2-inch-diameter

-ut-ne-2. 1. 85 :. 70 tube, open at the lower end, are 1.50 and 8.70

obutyleue .. .... 1. 78 & 85 percent (138).

TAImr.: 24.--ther determinations of limits of butylene in air

Upward Propagation of flame

1imension* of ttl~. ', limits, iweent
cm. .Reference

Firing end Content of aqueous vapor 0.

l)iatotwr I.engit h Lower Higher

,. . 150 ('l,,l 1.70 1 9 0 RHalf-, uratt.ted.
5. 0 150 do. 1.80, 9.0 do.

Horlsontal Propagation of Flame

7. 5 150 (1o•o, I. 7 9,0 0 hIalf-aturated .158
5. 0 150 do(. 1.82 7. 4 "o 536
2. 5 1i'O 0Pe11 I 93 6.0 ,°nall. It

Downward Propagation of Flame

7. 5 IO ('i:m,'d 1 S0 6, 25 5I54f-•&: r&trd 55.
5. 0 150 ,to . 6I. si to do $56
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The lower limit of amylene in air, apparently ACETYLENE
with downward propagation of flame in a 2-liter
bottle, is 1.6 percent (221). ACETYLENE IN AIR

Tiie lower limit of acetylene in air with
BUTADIENE upward propagation of flame in a tube 5 cm. in

diameter and 150 cm. in length, open at the
BUTA•IENE IN AIR firing end, is 2.50 percent (150).

The limits of butadiene in air, with upward in a box about *,.6 feet high and 12 inches
propagation of flame in a 2-inch-diameter tube, square in cross section the lower limit for
open at the lower end, are 2.0 and 11.5 percent propagation of flame upward toward the open
(152, 158). top was 2.53 percent acetylene (44). In a bell

jar, witlh turbulence, the figure was 2.30 (138).
BUTADIWE IN OTIOR ATMOSPHERES With downward propagation of flame in the

box, presumably toward the closed end, the
Atmospheres of Air and Nitrogen (Air De- lower limit was about 2.8 percent (44). An

ficient in Oxygen).--The limits of butadiene in earlier determination in a 90-liter vessel 41
all mixtures of air and nitrogen arc shown by cm. in diameter and 89 cm. in height, gave the
one of the curves of figure 42. The determina- limits as 3 and 80 percent acetylene (112).
tions were made in a 2-inch-diameter tube, Table 25 gives other determinations of the
open at the lower end, with upward propagation limits.
of flame. No mixture of butadiene, air, and Where a range is given for tho higher-limit
nitrogen is flammable if it contains less than figures in table 25, the experimental result( de-
10.4 percent of o.xygen (153). pended on the state of the walls of the container

Atmospheres of Air and Carbon Dioxide.- (261).
Figure 42 also shows the ,iTnits of butadiene in Limit. in vessels other than tubes were as
all mixtures of air and carbon dioxide, deter- follows: In an 84-liter bomb, 2.4 and S0 percent
mined as in the previous paragraph (153). (113); in a 2.8-liter bottle for central ignition,

12------------

32

10-

2 - a

0 10 20 30 40 50

ADDED INERT GAS IN ATMO6PHERE, PERCENT

Fzouau 42.--Iimitsof Flaminaility of Butadiencin MixLures of Air and Nitrogen. and of Airanr Carbon Dioxide.
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3.0 and 73 percent (44); in a 2-liter rubber bal- A few experiments have been reported on the
loon with flame ignition, 75 percent (higher "flammability of acetylene mixed with about
limit) (96); in a 100-cc. Hempel pipette with 30 percent of air," but this mixture is well
downward propagation of flame, 2.9 and 51 within the limits of flammability, and the report
percent (44) and 2.45 and 57.05 percent (364); (81) is concerned only with conditions for igni-
in a small vessel, 2.3 and 73.4 percent (9). tion.

TABLE 25.-Summary of other determinations of limits o flammability of acetylene in air

Upward Propagation of Flame

Dimensions of tube, em." Limits, percent

a Firing end Content of aqueous vapwr No.
Diameter iLength Lower Higher

7. 5 150 Closed ------------------ 2. 60 >80. 5 Half-saturated ---------- 356
5.0 150 .... do ------------------ 2.60 78 ----- do ----------------- -856
5.0 30.6 ....- do ------------ - 2.4 78 Saturated --------------- 176
2. 5 150 .... do ------------------ 2. 73 70 Half-saturated ---------- -856
2.0) 5 . ..------------------------- - 3.03 54-63.0 -----------............-- M

-- - 0-----... ----............. .. . 3. 07 51-62.8 ------------------------ - 261
1.5 ------- - ------- 3. 09 48-622 ------------------------- 2611.0 --------- -- ------------------------........... 45-61.4 --------.---------------- - - 61

Hor!zontal Propagation of Flame

7. 5 ISO Closed------------------ 2. 68 >78. 5 Half-saturated- ..----------- 56
5.0 150 . ... ,o----------------- 2.68 68.5 ----- do --------- _---------56
2.5 150 do ------------------ 2.87 59.5 ----- do ------------------ 356
2. 5 -..------------------ 3.25 54-62.7 4 .61
2.0---------------------- ------- 3.25 51-62.4 ------------ ~
1.-5 ---------------------- 3. 15 48-61. 1 -- ---------------------- ol
1.0 ------------------------- - 45 --------- ----------------- 261I __ _ _ _ _ _ _ __ _ _ _

Downward Propagation of Flame

12.2 21 )wn ....-----------......---------- 75 Saturated -------------- 95
10.0 13 do .-------------------.---- 70 ----- do- --------------- - 95
7. 5 150 lud---------------------2.78 71. 0 Half-saturated ------------. 6
5. 0 150 do ..-- _ -------- - 2. s 63.5 .... do ----.------------. 66
4.4 26 ()i.n ----- . .. . 60 S urated ----------- 96
2. 5 150 ,Io ----------- - -- 2. 90 55. 0 Half-saturated -.-.-.---.... 356
2.5 3.171 53 61 A.-----------------------.. 261
2.0 ---- --- . 3. 20 49 Wo. 7 1 1 .- - - -
1. 9 40 OwK.............1. . . 45 52.2 Sai&jrtted---------•-•-- 95
1, 9 40 d.............. 3. 45 52.4 -.------ d -------------- 3,

15 - - 3.24 455&3------ -------------- --- 6, . . . .. .. .... .. _ 41 5& 7 i1 • 2 2 2 2 2 2 ; .. •tete

nir. ".tion of Flcime Not Stated

4. 0 . ..... 64 1.93..j 11 62 ................... 11T. . .. 0 3. ! 55 .219

.1 -- .; ...6. 4. 0 40 2. •19

.4 4. 5 25 :... £19

.2 . . 5.0 15 ..... t19
0. 7. 7 t0------ ---.--.-- -------. e19
o.05 ... I. .. ...... No propatio....................... .... ..- 19__ ___ _ __ _ I
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Influence of Pressure.-The lower limit in a Bunte burette 1.9 cm. in diameter, was un-
Hempel pipette was unchanged by increase of changed as the oxygen in the atmosphere was
pressure to 5 atmospheres (44). increased to 97 percent; the higher limit rose

The higher limit, observed in a closed 2-inch- gradually from 52.4 percent in air to 82.2 in
diameter tube at 240 C. with mixtures saturated 58 percent oxygen and to 89.7 in 96.8 percent
with water vapor, rose almost linearly fr(,m 78 oxygen (823).
to 100 percent as the pressure was raised from Atmospheres of Air and Nitrogen (Air De-
atmospheric to 7 pounds per square inch above ficient in Oxygen).-In an 84-liter bomb, the
atmospheric (176). The flammability of the lower limit of acetylene rose slightly with
richer mixtures is evidently assisted by the increasing additions of nitrogen to the atmos-
exothermic decomposition of much of the phere while the higher limit fell rapidly. From
acetylene that is not burned, and the 100 percent limits of 2.4 and 80 percent in pure air, the
acetylene transmits flame by this means entirely. limits met at 2.75 percent in an atmosphere
A source of ignition developed locally in a containing 69 percent of "added" nitrogen. At
generator may thus cause explosion of the gas this point about 6.5 percent of oxygen is pre-
at pressures attainable in medium-pressure sent, in comparison with about 4 percent at the
"generators, even in the absence of air (176). higher limit in aiz (11.5). In a Hempel pipette
• he addition of water vapor raises proportion- the lower limit rose from 2.45 percent in air to
ately the minimum pressure for explosion of 3.3 percent in an atmosphere containing 8.7 per-
acetylene and of rich acetylene-air mixtures. cent oxygen; at the higher limit the oxygen in
Propane, butane, and natural gas have iimilar the mixture was constant at about 11 percent
effects, in differing degrees (158). Nitrogen, except that close to the point where the limits
helium, and hydrogen have less effect than thle met it fell to 8 percent (364).
hydrocarbons named, and carbon dioxide is Atmospheres of Air and Carbon Dioxide.-In
internv,,diate in its effect (159). an 84-liter bomb, the lower limit of acetylene

The effect of reduced pressure on the limits rose slightly with increasing additions of carbon
of ignitibility of acetylene in air by a weak dioxide to the atmosphere while tile higher limit
standard spark, rather than on its limits of fell rapidly. From limits of 2.4 and 80 percent
flammability, have been examined (8). in pure air, the limits met at 3.75 percent in an

Influence of Temperature.---The lower limit, atmosphere containing 55 percent of carbon
with downward propagation of flame in a closed dioxide. At this point about 9 percent of
tube 2.5 cm. in diameter and 150 cm. in length., oxygen is present (113). In a Bunts burette
decreased linearly from 2.90 percent at about no flammable mixture could be made in an
170 C. to 2.19 percent at 300 C. The higher atmosphere containing 46 percent of carbon
limit increased from 55 percont at about 170 C. dioxide (11.Z percent oi oxygen) (95).
to somewhat over 81 percent at 2000 C. (358). Atuospheres in Which Oxygen of the Air Is

In an older observation (95) the higher limit, Replaced by Carbon Dioxide.-A few experi-
with downward prop. gation of flame from the ments in a Bunte burett- show the narrowing
open en,- of a cvlinder 4.4 cm. in diameter and of the range of flammable mixtures by the26 cm. in lengt'h, was 60 percent acetylene at gradual rep acemnt of the oxygen of the air by
laboratory temperature and 75 percent at carben dioxide. No flammable mixture could1
2000 C. be madc when the oxygen was reduced to ,

ACEMT NI IN OXYGEN percent (carbon dioxide, 13 percent) (9C).
Atmospheret of Aix, and Certain Chlorinated

An old experiment gave the higher limit of Hydrocarbona.--Limits of acetylene in air Con-
acetylene in oxygen, with downward propaga- taining vapors of various chioro-derivatives of
tion of flame, as 8:3 pervent acetylene (243) hydrocarbons have ben reported; they wer,
An estimate for "an infinite mass" (not cooled ,- erved in small burtte.s 15 h1m. in diamleter.
by the walls of a container) gave limits of 2.8 so are of limited vahle (1.98).
and 93 percent (219> . Atmosphere of Nitrous Oxide.-The limits of

The lower limit for downward pro agution acetykene in nitrous oxide, with downward
of flame in a Bunte brmette. 1.9 cm. m diameter, propagation of flame in a 16-mm. burette, are
is 3A percent acetylene (95). The limits in t 2... aud t7.0 percent. The effect of belium in
Hempel pipette are 2.45 and 89.2 percent (364). narrowing the limits is greater than that of

ACETYLENE IN OTHM ArlOSPHEM argon (M85)
Dilut;on of 2CI 2F-+ 5O1 With Gaes, Inert or

Atmospheres of Composition Between Air and Otherwise.-The following rustiults woe oh-
Pure Oxygen.-The lower limit o? aeetylene, taied with do wnward propagation (if flame i:n
with downward propagation of flame in a a Bunte burette 1.9 cm, in diameter (95).

i"
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Effect of diluents upon flammability of Table 26 summarizes other determinations of
RCAh+50, the limits of benzene in air.

The lower limits in a 5-c!m. tube closed atAmount oft dlrh-80, waitit, ici
dituent namedto preaclit at both ends differed only in the second decimal

Diluent: limt ofav~ (tammbi Prewu aDiluent: urnStof flamwsaaltv, pecent place from those obtained when a small stop-
Oxygen ------------------------ 10. 9 cock was opened at one end or the other.
Nitrogen ------------------ 13. 0 Similar differences were observed when the

length of tube was varied between the limits of
100 and 250 cm. and when the position of the
point of ignition was brought forward about,

BEZEE N Am 6 cm. (853).
Influence of Pressure.-The range of flame- -

The limits of benzene in air, with upward inability of benzene in air is widened at both
propagation of flame in a tube 5 cm. in diameter, sides by an increase in pressure above atmos-
open at the firing end, are 1.40 and 7.10 percent pheric, provided the temperature is raised to
(186) and 1.55 percent (lower limit only) (31). maintain enough vapor for the test. This effect

TABLE 26.-Summiary of other determinations of limits offlammability of benzene in air

Upward Propagation of Flame

Dimensions of Limitsý, percenttube,________. en _________ReferenceFiring end Content of aqueous vapor No.
_ _ I_ I__ _ _ No.I_ _ _ _

Diameter Length Lower Higher

30. 6 39 Vented at top ----------- 1.32 ---------- Undried -------------.-- 1039
57.0 150- dlo ----------- ---- 1.41 ---------- Dry ---------------- i 35S5.60 150 __.._do .1.45 '7.45 - do ----------------- ,q5s
5.0 ..... do ---------------- - . 50 8.0 - -- -do ----------------- $51
2.5 150 --- .------- -o .......--------.-------------d--- - 353
2.5 25 Central ignition ---------. I 1. 5 9 5 Ui dried ------------- - 294

I

Horizontal Propagation of Flame

7. 5 150 Clos.ed----------- 1.46-------Dry ----------- _---.1,50 1o - .46i '6- .. -- do - --- -- 36S
5. 0 91 .do -------- I. 55 6.&5 .. (.o 351
2- 5 150 -. _do ----.-------------- I.55---- - .-- do - ---------------.. . 353

Downward Propagation of Ilame

7. 5 150 Clowed_ .. i 1. 46 ---------- )ry -------------------- 3
6.-2 ------ --------- - -1. 4 -. . • S-t--ra-d ...- 95
fl. 1 ;20 ........... . ... 1.3 . Parly dricd.. ------- - 335&. 0 150) Closed _ 1.. . .. 48 5. 55 i Dry. ... . .. .
5. 0 91 . do-...... ... 1 10. 0 5.0 ----------------- 51

5. 0 65 -do1. 1.47 - 5. 45!. do4 . ......... .. -1

1. 9 0 d . . .. 2. 65 S .5 !,aturuted_ --- 915
I.9 40 .do- 1 2. 7 7. do . . ..

Propagatbou it Qob.s, etc.

Capacity:
14.t liter, ........................---.- - ----- 95
350rcc -..--....------ .--- .-----.-------. . 7 3 . .... t 96Very entail ve.•el,. . . . .. .) .8 i & 6 " . . . . . . . . 9

•At ONG"
Fo WI€ " ~T frfI tw~n y In, '•." h,}lfIt'_e i'welig I"• IVq I'.

I 1,e~ t o tvpo -whott on4 tht high rauýtheg lr, O3w i.,u pids.

i ~~.... .
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may be due more to the change in temiperature diameter, ignition by spark and downward
than to that in pressure (14). propagation of flalme, the limits in oxygen were

The effect of reduced pressure on the limits 2.8 and 24.9 percent (323ý?).
of ignitibility of benzene in air, by a standard Atmospheres of Air and Nitrogen (Air De-
spark, rather than its limits of inflammability, ficient in Oxygeri).-The limiits of benzene. in all
have been examined (13). m1ixtur11es of air and nitr-ogen1 are shown by one

Influence of Temperature.-The lower limit of of the curves of figuire 43. Thle determina itionis
benzene in air far upward propagation in a. tube were madle in a 2-inchi-diameter tub~e, open ati
30.6 cm. in diameter and 39 cm. in length, the lower enm,, with upwardl propagation of
vented at, its, upper end, mixture undried, is flame. No mixture of benzene, aiir, andi nitro-
1.32 percent at. 21' C., 1.10 at 100' C., 0.93 g(-n is flamimable if it contains less than 11.2
at 2000 C., and 0.80 at 3000 C. (239). The percent of oxygen (136).
limits of benzene in air for downward propaga- Atmospheres of Air and Carbon Dioxide.-
tion of flame in a vessel 9 cm. in diameter and Figure 43 also shows the limits" of beuizene in
45 cm. in length wident linearly from 1.37 and all mixtures of air antI carbon dioxide, deter-
5.32 percent, at 1000 C. to 1.13 and 3.58 at mined as in the previous paragraph (136).
2500 C. (21, 22). Atmospheres of Air and Wa ter Vapor.-Thc

Bfl~~E OTH ATOSPHRESlimits of lbenzene-air mixtures standing over
BENZE INOTHR ATOSPHRESwater in a 350-cc, spherical vessel, and ignited

Atmospheres of Composition Between Air near the water surface, have been determined
and Pure Oxygen.-The lower limit of benzene at various temperatures. As the temperature
in a spherical vessel with ignition miear the top rises (Pnd consequently the water-vapor con-
was unchanged as the oxygen in lh atmosphere tent also) the lower limit rises slowly, and the
wns increased to 97 percent.; the higher limit IIh(igr limit fall-, rapidly, as with other diluents.
rose gradually from 7 percent in air to 20.7 iii Wi en ebout 35 pierceiit of water vapor is
58 percent oxygen and 30 in 97 percent oxygen present the limit-, coincido ,.. about 2.5 percent
(323); in a 120-cc. Bunte burette 1.9 cm. i bEvnz'.'no vapor(3~)

7.

5

4

3

0 4 8 12 16 20 24 28 32 36 40 14
ADDED INERT GAS IN ATMOSPHERE. PERCENT

Vvzut:R,, 43.-- UttI of HFu11ninablit.% of Beixeiaz;u t. NI i.xi ,rtiv'i Air andi Nit rogon, ai! (if Air anti (arinm I liod .it.
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Atmospheres of Air and Methyl Bromid~e.- Influence of Temperature.-The limits of
The oddition of increasing amounts of methyl toluene in air at 119 G~C, With upward propaga-
bromide to the air causes9 the limits of Ibenzene tion of flame in a closed tuble 5.0 cm. in diam-
to upproach and, in a 2-inch-diameter tube, to eter and 18 inches in length, open at the top,
Meet when 7,75 percent of the mixtutre is methyl are 1.20 and 7.20 percent, respectively (138).
bromide (38). F~or a comment. compare the The lower limit with upward propagation of
corresponding paragraph on hydrogea (p. 22). flame in a cylinder 30.6 cin. in diameter andi

TOLU~~E39 cm. in length, vented at the upper end, is
TOLUENE0.99 percent at 1000 C., 0.82 at 2000 C., and

The lower limit of toluene in air, with upward 0.72 at 3000 C. (239).
pro)pagation of flame in a tube 5 em. in diam- Thle lower limit of toluene in air with upward
eter, op(eii at the firing end, is 1,45 percent propagation of flame in a closed tube 10.2 cm.
(138) or 1.49 percent (31). in diameter and 96 cm. in length fell from 1.27

Table 27 summarizes other determinations percent at, 260 C. to 1.12 at 2000 C. (139), The
of the limits of toluene in air, limits for dlownward propagation of flame in a

Earlier experimenlts gave approximately 1.3 vessel 9 cm. in diameter "ild 45 cm. in length
an(1 1.4 jpcr(ent for the lower limit., probably widen linearly from 1 .26 and 4.44 perce.nt at
with downward propagation of flame (213, 221). 1000) C. to 1,03 and 4.61 qt 200' (21, 22).

TABLE 27.-Suinmarij of other determninations of limits offlummability of toluene inr~ ;r

Upward Propagation of Flame

Dimensions of
tuh-, em. I Limits, pereent

Content of Reference
- Firing end -qeol J -*-~Vapor No.

Diameter Length Lower Hfigher

30. 39 ?, Vetdtil i. 17 Undriod.- -. 39
10' 2 96O Ci oe - --- -- 1,27 1)v . -- 539

2.-5Cnrl giin . 7.0 i Undrimd---------- ---- 14

Horisontal Propagation of Flault

7. .5 150 ('lo.'-------------. 28 1)rv. =I.57
5.0 150 do-,- 1.30 '5. s do. - 353

Downword Piopciqation of Flume

7.5 I50 (it-'el 1 . 2S Drv
5,0 150) do-.3 4 , do.. 35

LL 32 1 .6

ORTHOXYfLENE STYRENE~

Th IiniitA of ortlho!xvine iii air. f-omditionq 'fhe 1imits of stvnrwn in nir, with urnward
not specified, tire rq-Norted ns 1.0 and 6.0 propfigatirnn of fifame In It t nlth 1 1inc in diame'ter

pt-cet 10).andi open~ wa t he upper end, are': ] A~wur, I .10f
prvrent (at 29.30 C.); higher. 6.30 perrent (at-

ETHYL BENZENE 65 20 C'.)l

The lower limnit oif -,thyl 1wnzene in air, with BUTYL BENZENE
up)ward propagation o( flame ina 2-inch- T1he linills of ft-bulyt benz~ene 'in air, with
dakieter 1iw, opena at the lower enid, i't 0.99 upwfrd propagation of flame in a 2-inch-
prerent (ISS). dianieter' wtdx. open at its upper end and at a
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sufficient temperature to volatilize the butyl which is equivalent to about 0.9 percent of
benzene, are 0.82 and 5.75 percent (188); vapor (242).
isobutvl benzene, 0.83 and 6.00 percent; see- CYCLOPROPANE
butyl benzene, 0.78 and 6.90 percent; and tert-butyl benzene, 0.84 and 5.60 percent (138). CYCLOPROPANE INAI

The limits of cyclopropane in air with upward
DIETHYL BENZENE propagation of flame in a 2-inch tube 6 feot in

length, open at the lower cad, are 2.45 and 10.45
The limits of 1,4 diethyl benzene in air, with rcent (161), 2.40 and 10.3 percent (163).

upward propagation of flame in a tube 2 inches ler (161) 2.40 an d prcegt ()
in diameter, 18 inches in length, open at its an 8-liter bonmb) ith upward propagation of

upper end arI at a temperature of 110" C., flame, the limits are 2.58 and 10.1 percent (161).
are 0.80 and 6.10 percent (138). CYCLOPROPANE IN OXYGEN

NAPHrHAALJNE The limits of cyclopropane in oxygen, with
upward propagation of flame in a 2-inch-

The limits of naphthalene in air, with upward diameter tube, open at the lower end, are 2.48
propagation of flame in a tube I inch in diameter and 60 percent (161).
and open at its upper end, are: IA)wer, 0.88 CYCLOPROPANE IN OTHER ATMOSPHERES
percent (at 77.80 C.); higher, 5.9 percent (at
121.80 C.) (17.;). The lower limit, of a cloud of All Atmospheres of Oxygen and Nitrogen.-
naphthalene dust is about 50 mg. per liter, The compositions of all flaminable mixtures of

100 1 _ _

90

Nitrogen= 100- (cyclop'opane + oxygen)

0Impossible mixtures

70C -------
..-t Ii

.50 Flammbe fIrI-

•40 L 1 .

-4 I-

__0 4........ __ _ . ...___ ___,_

0 10 20 30 40 5s o 70 80
CYCLOPROPANE. PERCENT

Fiouat 44.-Flanrnab;lity of Cychl opnrpic-Oxyvv-Nitrogcni Mixtu"i.
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cyclopropane, oxygen, and nitrogen are shown in Atmospheres of Air and Helium.-Figure 45
figure 44. The determinations were made in a also shows the limits of cy!lopropane in all
2-ihwh-diameter tube, open at the lower end, mixtures of air and helium (161).
with upward propagation of flame (163). The The relati•,e effects of nitrogen, carbon di-
rosults ne-rly coincide with those of an earlier oxide, and helium on the limits of cyclopropane
series (116) 'for which, however, the experi- are similar to their effects on the limits of
mental conditions were not stated. No mix- methane and support the explanation given in
ture is flanimable if it corntaiks less than 11.5 the corresponding paragraphs on methane.
percent oxygen. Atmospheres of Oxygen and Helium.-The

Atmospheres of Air and Nitrogen (Air De- composition of L.1 flammable raixtures of
ficient in Oxygen).--The limits of eyel,)propane CyelCGpropane, oxygen, and helium is given by a
in all mixtures of 1air and nitrogen are shown by curve almost id, ntical with that of figure 44,
one of the curves of figure 45. The deterinina- except that, the "nose" of the curve is at 10
tions werl, miade in a 2-inch-.diameter tube, open percent. oxygen (161. 163).
at the lower endl, with upwardL propagation ef Atmosphere of Nitrous Oxide.-The limits of
flame. No mixture of evdlopropane, air, antl cyclopropane in nitrous oxide, with upward
nitrogen is flanmnable ifit contains less than propagation of flame in a 2-inch-diameter tube,
11.7 percent of oxygen (161). opi.n at the lower end, are 1.60 and 30.3 percent

Atmospheres of Air and Carbon Dioxide.- (163).
Figure 45 also shows the limits of cy(lopropane Atmospheres of Oxygen and Nitrous Oxide.--
in all mixtures of air and carbonr dioxide, The compositions of all flammable mixtures of
determined as in the previous paragraph (161). cyclopropane, oxygen, and nitrous oxide are

OXYGEN IN ORIGINAL ATMOSPHERE, PERCENT
20 19 18 17 16 15 14 13 12 11 10

102
Q 8

Lw I
00

IX -- --'--.--
0 7

K"'1  ~ uI - -i 4--4-

0 10 20 30 40 50
ADDED INERT GAS IN ORIGINAL ATM•OSPHERE. PERCENT

"ir.uniE 45.- imits of .Flammability of f:c %LC;|),,nv in .Mixinre,s of Air and Nitrogcu, Air and 1hclikim, and AirSand ('arbon JDioxi :•



82 LIMITS OF FLAMMABILITY OF UASES AND VAPOHS

200T1

90 - __ -. _ ___

Nitrous oxide =l00-(Cyclopropane4 +Oygen)

Imposs ible mixtures

70..- _ __ ___ _ _

50.

40 -Flammable per s-.---

30- H-

- 10 20 30 40 50 60 70 80
CYCLOPROPANE, PERCEN'T

F~hII: la- untittb~iiy (Iof Mvlpueu-x trt'i\i tt ~itrv I

fhowrt in figure 46. Tin' deterinitnalions wvro CYCLOMEANI.
Made wvith iapward propagatiin oif flanio~ inl a
2-in --lkainvIcir tidic, oipen ait tlie lower entl CYCEOHEXAN L N AIR

(irusOid63)Hlim- The limitis of evvel ievine in air. Nvitl upward-t
Attmoapheres of NtosOieadHltl. ",plin It Io (f III! I~ I Iv Iu I I n I Inw I e 1vr.

'It c (olipositio! i uflt all tliiiniiiahh' alixI nres of Ipe -t I%(lth, firing t'ild. Ire I .1:i antil S p15 TVII'
cvt+opnopancv nitrolus ONRIde, and hliumi l are (311, 1.21; andi 7,75 perceint (3id, 1.5 pSt sc.'nt
ahown in ligure 47 (P163) (luwe~r limit i(,-S;, Undevr Sililau' condition" Mi

MMHY CYCLOBUTANE n Itik nbct2 vin. inI dinineter the ljiinijtý ar Iv .:;:3
andi 6ý2 lpercent ($N . WitI It llov~ U'' art

Thelitiimii -)f ethyl ('V&'lilitltane in air, %vith pri ipangat tn (if ihntliv in a it 101;0k 11t ,I We~ c.i
upward propcigation -,f flitnit, in a 2-inch- ditiniet cr aind 65 (-11. ill lenvii t hcj crc At~r.13
dianiuttir tiiw. open at tliv lower end, are 1.2 a &U 4.5 iereceti (3W).,
and 7.74 pvreen'W(b. Influence of Pressure. --('rv,-'s showin- thet

influence o! pressur*' U.ip to 5001 ntniiiipjiiim'i'i
ETHY CYLOPETAK hae ben gvi-i (1), ut he range, of flamninin-~tHI "rcQp¶'A E ilv{ Shon ai sen (I I kivt t .*wiui. 'Illb.f4

Tfii 1inits (if vd vi vlotw'it tine in air. withI of reduicedl prel'sutre on the lýinits iif ignqit ibiht v-
up%%artI protpliga t -nl ;)f flanie in a 2-;%11- oIf 1110t'1o 111xt tres byi st akithiari sparik, rather
diamtnetr t nite. (ipn at tile lowert end, tire 1.10 1.i1111 onl It!I'ir lim1its, of fiainniability, has beenl
anti 6I.70 percent i13-5). exaliki~lld J31).
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100 T

_ __ _ _ I _

Helium= 100- (cyclopropane + nitrous oxide)

IImpos ible mixtures

70 ___ __ __

60 Flamm able per se

S50
0

30

20 w.1 _ _

0 10 20 so 40 50 60 70 80
CYCLOPROPANE. PERCEPNT

lnflucnýx of Temrperature.--Tliv limits of NMEMh CYCLOHEXANE
Ci ~''ii' ilii al!- %\0h dit mu\%'i ard propilaitaion

of (hiui, I iii it vvso 9I cjin M~ tldigni'ir antd 45 emi. The' jower limit of 11i011-l cyt'lohexant, in air,
ill'~ Iviv-1 \64,11 hIil~ fr'or(mi 1.16 mult 4.ý-i itt A Whih .5 cm.i int wid th, is pe25)ri't'nt witli

I, fit'i!! 1000 C. to (?.95 and 4.98 at 2500 C . 111mard 1i1.4 )ga-atjolt of flame' (3!) and I .151
I, t'I2)a it Ii downwatrd p-li agation (2'6).

'1p l owe'r lioi i t in air wtIi pwith ra Iar prtapattaa Ftr the fo rifler oh-eari-a t itis f it'll- itub wt ope
tinoll (ifia 11111, 1 a tv.01)(1.1.30r villj n. Ill diaillIli'i at thie firing end; for telJaltter it was partly

uni.t :111 cmn. niltn~ I vi. v ~tnidt its ttlpt'r evil, is ojipeiml0)'t vh slopWtitki at xioth ends.
1.12 ptaaew tit 210 C.(. Lot at 100"t' C., ania irfluence of Impurities.-'I'ht lowe'r IiimiitWR

a( , iii'~l It 2j,jPe. 11tittl'ctA'tt bv sntial atldtifilin of (ivit'Iiv s'eititldo
or I'alend 'tra t itrafvl. Thet a'tf't' s (it p~rith Iit andt

CYCLOHEXANE IN, CTAE ATMOSPKEM (i&.'ihYl %cale'iiie agrved with Le C~tliae~ir's
Atmosphere of Air and Methyl Bromide.- formula (;52%.

'Theiaddittion jol f iitw'i-Psifitg 01F01ttisii~ of' fl(I(l 113
birofnltdt' to. till, air- caus I h ini is- of ('vcl(o- kL'I{ CYCLOHEXANE
ivoti'iii to apptronch afind, in a 2-jiti'I-d iainoter
tube', to nivti'' wlivi 7,.4 pervt'rt of l t~tv~ mixture is Tine limmits of ethy Iii (Vloliexa~ta' In air, with
nieiit luvI ltrtamuidt' ý.M (For a conttma'itl. uipwardl l)It'IaIat ion of flamec in a 2.Nnrh -

t'aritiirt'I it't'rrtsptii ig jar~aj o lt'tr.- (Iiantiv~I t'fim ht , opten at Ihe lower eitld, are (0.95



84 1LIMITS OF FLAMMABILITY OF GASES AND VAPORS

CYCLOH~EINE limit rises from 24.9 percent at 100' to 36.8 at
2000 C.

Temperatures Above Normal.-The limits of The lower limit in air with upward propaga-
eyclohexene in air with downward propagation tion of flame in a cylinder 30.6 cm. in diameter
of fla&me in a vessei 9 cm. in diameter and 45 cm. and 39 cm. in length, vented at the top, is 6.70
in length, widen linearly from 1.22 and 4.81 percent at 210 C., 5.80 at 100' C., 4.81 at 2000
percent at 1000 C. to 0.96 and 5.20 at 2501 C. C., 4.62 at 2500 C., and 4.44 at 3000 C. (239).

(el, ~).In another series of experiments the lower
METHL ALOHOLlimit fell from 6.65 percent at 1000 C. to 5.45
METHL ALOHOLat 250' C. (21, 23).

METHYL ALCOHOL IN AIR Influence of Water.-The lower limits of mix-
tures, of miethyl alcohiol and water rise steadlily

The lower 1imit of methyl alcohol in air, with as the quantity of water is increased from 0 to
upward propagation of flame in a tube 5 cm. in 60 percent by weight, but the amiount, of methyl
diameter, open at the firing end, is 7.35 percent alcohol itself is approximately constant in thec
(138). limit mixture. With 80 percent water it was

Table 28 summnarizes other determinations difficult to inflanie any mixture of the vaporized
of the limits of methyl alcohol in air. liquid anid air at 105 '3 C., and 85 percent wateri

The lower limit in a 2-liter flask, with ignition made inflammnation virtually impossible (230).
near the base, is 6.1 percent (76). Two older Influence of Preesure.-Reduction of pressure
figures (213, 221), probably with downward below atmospheric redIuces slightly the lower
propagation of flame, are 6 and 7.8 percent. limit of flammability of methyl afcohol in air

Influence of Temperature.-Of two series of but has a marked 'effect on the higher limit
experiments on the influence of temperature on (171a). The lowest pressure at which any
the limits of methyl alcohol (230, 365), the mixture propagated a flame from the bottomi
latter, which seem to be reliable, show that, to the top of a tube 2 inches in diameter and .5
with downward propagation of flame in a 2ýj- feet in length, with spark ignition, was 50 min.
liter bottle, the lower limit falls steadlily from The minimum pressure mixture contained 9.07
7.5 percent at 50' to 5.9 at 2500 C. The higher percent of alcohol v~apor. When ignition was

TABLE 28.-Summary of othier determinatione qlimits of flammability of methyl alcohol in air

Upward Propaqation of Flame

Dimensions of tube, Limits, pereent
01.Content o( Aqucollo Iteterv'nee

______Firing end ~ - -vapor No.

Diamietpr ILencrth Lower Higher

30.6 39 1Vento.d at top-..- TO7 1 Undried - -. 1
10.2 96 ('Cineed. 1. . .2 1 . . Dry ------- 13

7.5 ~ 150 i l -do------- 7.06 ( do..............15.1

5,0 gj0 (1 - ---------------- 7.10 .1 i..5 do 3.
s.061.d_0 do-.

21 50 do.- 7-9 d.333
2. 5 I 25 Contral ignition.- -.. 5.5 21.0 Undfrld.........

Horisontal Propagahmo of Plane

7.5 1&0 C'!u'v.................7.30 DrY~
It,0 .50-- -- -- 7.35: A3IS ilo _ ).

5.0 91 (b...................640 1350W do
2.5 ISO . ~ . .. 7.9 do0.

Downward Fropagatio of Flaw*

7.5 150 C lr*ýd. 7.45 Dry . .. 3
4.0 M d 7.65i '2rk5 io.

40 91 do .~6,80 do- 3St

2.5 10 twc(o

At W* C
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brought ebout by fusion of a platinum wire in Atmosphere- of Air and Carbon Dioxide.--
contact w th I mg. :, 4,un'otton,certain Mixtures The limits of methyl alcohol in mixtures of air
propagated flames UL. as low as 26 rmm. pressure and carbon dioxide, with downward propagation
(171a). of flame in a 2-liter cylinder, approach each

other as the proportion of carbon dioxide is in-
METHYL ALCOHOL IN OTHER ATMOSPHERES creased. With more than 26 percent carbon

Atmospheres of Nitrogen and Oxygen and of dioxide in the "atmosphere" no mixture with

Carbon Dioxide and Oxygen.-The limits of methyl alcohol will propagate flame under

methyl alcohol in "atmospheres" of nitrogen these conditions (230).

and oxygen and of carbon dioxide and oxygen
containling 20.9 percent or less oxygen have Ieen A
determined in a 2-!iter flask, with ignition near ETHYL ALCOHOL IN AIR
the base. Curves extending as far as could be
determinc I at laboratory temperatures are The lower limit of ethyl alcohol in air, with
given in the original paper. Mien the oxygen upward propagation of flame in a tube 5 cm.
content of a nitrogen-oxygen "atnmosphere" was in diameter. open at the firing end, is 4.25
below 10.3 percent, no mixture with methyl 1138) or 4.40 percent (31).
alcohol would propagate flame (76). Table 29 summarizes other determinations

of the limits of ethyl alcohol in air.

TABLL 29. - Summary of other determinationso of limits of flammability of ethyl alcohol in air
Upward Propagation of flame

I)oiwn,.ions of Limits,
Ithl., cr. percent Refer-

Firing end Far end C'onltent of ence
aqueous vapor No.

te r• . . l t n hL~o w e r l li g h e r
tcr

30. Co 39 ,irn ) -
. . . . . . . . ("- oed .m1() n 3, 48 --------3 4ie..... I ---- 289

1 3(k) iro ------ do ..... .... do --------- 4. 16 -------- I)ry ....... 861
10. 2 96 tiro ) . . Lo d 3.-------........---------- 3. 2 ---- 139
7. ,1 -) ------ -- i . --------- -- 8

. , a -....... - . do ... . .. O) ......... 4. 24 11 . 95 ._- do. 8 $61
5 150 •:la . ,"o C. - 'Ios.-w. 3169 1 1&.00 -do . .151
5 91 (1hmsl i . do ..30...----- -do 353
2. 5 15( ialaa-- d-so 01wri S. 02 -. --- Io 861
2.5 25 CeIna.t-... -..... ral ignitionr i Clo-lu - 5.0 14 0 Untdried ------ f-94

Horisontal Propagation of lname

15 3(0 ý1,ir -.- - ---. i. wl ........ - i . 23 -----. Dr-- -)rv . .61

7.5 13 4) (,it L..•_ . (to , - 3 70 do 8"8 .. 53
5 ISO 'Itli-----------.. : OFAn- .......- 4. 32 ' 13.80 Ido 361
5 I'4) . d- ("I , ,1 . .... .. - 3. 75 1 13. 80 do 8---- 353
r, 91 tgf I . d ho 4. 40 .(to .... 351
2.5 I50 (glw." dt . oo '. 18 . .. do 861

Downward Propagation of Flame

15 .V ) (roY . . . . (lh I .... ... Oi ,n (- 4 37- .......... D ry -........... - 361
7. S .3 75 . ....35-- - d .... 35
6 2 33 (~L.----Opro3r' - 3 70 - ~ a~rl'1 - 9,5
5 hO (,la.")- 150 (Ii.sp C ' oi. 4 44 111.50 I- .) 861
.5 ')~¶-- do 3 i 379 111. 50. (1----- do 85

2 5 9150 l-hIsl -. --.- oh•, "O eL 5 21 ... ...... do ........---- I1

1 . 9 ) .. ...- . .. 1- o . lo-d- 3. 95 13. 615 Sal ,ra(r&I 95
Henqpt,7 pijl -I' -----. . . ...... do------' 5.0 1.5 . ......... 0- -8

l:3h'- U-?
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The limits in a small vessel have been stated samples. The bomb was filled at atmospheric
as 2.6 and 9.0 percent (9); in ant upright closedI temperature to oin initial pressure of 5.8
tube of 1,400 cc. capacity, with 600 cc. of liquid atmospheres (24.5).
at the bottom and central ignition, the limits The lower-limit figures are unexpectedly high,
were 3.2 percent (saturation of the atmosphere when compared with the lower limit at sitnios-
at 10.60 C.) and 18.9 percent (saturation at phecric pressure andl temperature. rh'lis is
41.20 C.) (109). perhiapg due. to the use, of too weak a spark for

Influence of Pressure.-Curves showing the ignition, as suggested by die observation that
influence of pressures tip to 500 atmosphieres at 270' C. violent explosions resulted fromk
have been given (11), but the range of flainma- spontaneous ignition of mixtures containingfbiit son seems impossibly wide. upado . ecent lby weight of ethyl alcohol

The[ effect of reduced pressure on the limits Influence of Impurities.-The lower limit of
of ignitibility of ethyl. alcohol in air by a weak ethyl alcohol in air was unaffected by Small
standard spark, rather than on its limits of addlitions of water vapor, diethyl selenidc. or
flammability, have been examined (8). lead tetracethyl. The effect, of Wa ltle pyridine

Influence of Temperature.-The lower limit agreed with Le Chatelier's formula (25,2).
of ethyl alcohol in air, with upwardl propaga.. Influence of Water.-Thev lower limjits of miix-
tion of flame in a tube 5 cm. in diameter, is tures of et'myl alcohol and water rise steadily as
4.25 percent at laboratory temperature (138) the amount of water increases from 0 to 60
and 3.85 percent at 125' C. (16.'). Four other percent by weight, but the amount of ethyl
series of observations have been recorded (20, alcohol itself is approximately constant ill thle
23, 236, 865). The fourth set, which seems limit mixture. With 8U percenit water it was
reliable, shows that, with downward propa- difficult to inflame tiny mixture of the vaporized

C tion of flame in a 2!Yliter bottle, thle lower liquid and air a~ 1050 C., and 85 percent water
liit, falls steadily from?3.80 percent at 5C0 to madle inflamimation virtually impossible (2,30).

2.75 at 2250 C. At 23500 C. the lower limit wose More recent results, with downward propa-
to 3.05 percent, but this increase presumably gation of flamne in a closed bottle of 2,'. liters
was due to slow combustion of part of theý capacity at 1500 C., are as fellows (.e!):
mixture before ignition. The lower limit found
later in the same apparatus fell from 3.555 per- Limiits (if 1n 1i~rt~es e/ thyl alrohii and u-qtcr in
cent at' 1000 C. to 2.75 percent at 2500 (21, 2?3). air, dionvrovrd propagatint. of flamc ait 150' C

In a recent series of exper'iments, the lower
limit in air with upward propagation of flame l n Le ii.ir~ I iiihvr limit. wrcn

in a cylinder 310.6 cm. in diameter anl :39 em. m'T, . 1:hyl 0- Wmet EtM~n 41 Wse
in length, vented at the top, mixtures undried, ("fu Vapor vmimr ,vatwI

is 3.48 percent at 21.0 C., :3.01 at 10100 C., -. I
2.64 at. 2000 C., 2.47 at, 2500 C., and 2.29 at 0' 'I 1. "N

300"' C. (239.). ii

Influence of Pressure and Temperature To- I Ut V. 3. 50i.
g*tther.-The limits of ethyl alcohol in air, (he- 4 '~ ~.
termined in a cylindricaul steel bomb of 700 cc. 4 W 410 ... ----

cafpacity aftAer hieat~ing -mider pretimr for 30 to
45 minutes to allow preflame combustion to ETHTL ALCOHOL IN OTHER I.TMOSPHERIS
occuv', are shown in tInble 30. The limits are Atmospheres of Air and Carbon Dioxide.----
expressed ini percentages by weight.; the range The limits of ethlv alvohol in ni1ixtures of air
widens at first w't Iincv offlq eV '"'1srature buti sOl carbon dioxid e, with dlowniward proajinr-
narrows when preflame comnbustion lx'comest' Lion of flame in a 2-liter'cylinder, approachm each
evident, as was shown by chemical anialysi,; of other as the propotwtioni of carbon dioxide is in-

creaisedl. With more thanl 36 petrc-nt varlton
TAni,F 30.- -Limit* of dAky akah~d in air ca~ dioxide' in the " atmlosphlerf. no limixtuire w~t~h

inretMAV( prrssurve 0and fernpfratilre's ethyl alcohol will propatgat'. flamne umnder thesc
cA.nd~it ions (Z301)

iUmIIzo(Iw~rovniI y wrighl Atmospheres of Air and Tricblorocthylcne.-
Twnpm -- Thelimis ofmixtures of ethlyl alcohol Slnd

t@~ * . iw.r Hligher trichloroetylvene in air, in a liempol pipette.
gradually approach each other ax the propor-

3snNo ozo,i 3D~ 1,~ 36 1 t ion of t'ri('lloropthivlene is inceae:lhn(h
zin 4o 3. Arasd w h

-4 M 0 hif'rii (which is con'pletely evapsorated) e-on-
346 do 0 , U ainsq more thant 7.1 percent" by volume trichlo-

~ . .- ~ rocthiyh*ene no flammnable mixture canl be mnade

a i~ia inmmn~too.(8$)
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PROPYL ALCOHOL . FUIIFURYL ALCOHOL

The limits of n-propyl alcoL 4i in air, with The limits of furfuryl alcohol in Air, with
up%ýard propagation of flame in a closed bomb upward propagation of flame in a tube 1 inch
4 inches in diameter and 38 inches iii length, at in diameter and 18 inches in length, open at
a temperature sufficient. to vaporize the alcohol, the top, at a temperature sufficient to vaporize
are 2. 15 and 1:3.50 percent (188). the alcohol, are 1.80 and 16.30 percent (188).

Older determincinons of the lower 'limit, in a
Yrlit-r flask, gave 2.55 percent for n-.propyl PROPYL2ME GLYCOL; TRJETHYLDEN
alcohlol, 2.6.5 percent for isopropyl alcohol GYO
(221); in a, 1-inch-diameter closed tube, 2.5 GYO
percent. for isopropyl alcohol (2e94). . The limits of propylene and triethylene

Influence cf Temperature.-The lower limit gilycols in air, with upward propagation of
of propyl alcohiol, with downward propagation flamne in a tube 1 inch in diameter and 18
of fla~ne ;i a 2k4liter bottle, fell fr~om 2.45 ihiclbes in length, open at the top, at a tem-
percent at 100' C. to 1.75 at 250' (;l 23) perature sufficient to vapiorize. the substiance,
( The consi ant s given in the first reference and are 2.62 and 12.55 j~ercent, and 0.89 aiid 9.20
the namne in the secondl indicate that the term pret epcieyý3)
"butyl alcohol" was used by mistake in the pecnrsctvl .8.
first. reference.) In a 2.3-lite'r bottle, direction'C
of flamne unspecified, tie limits of isopropyl . ZrHYL ETM~
alcohol were 2.02 and 7.99 percent at 700 (31 mITI UM N
amid 1.73 and 7.35 percent at '.30' C. (40.

Influence of Water.-Soine experiments sujý- The limits of methtyl ether in air, with u'p-
gest that thv lower lirnit of isoproJpYl alC0ohol Is ward propagation of flame in a tube 5 cm. in
raised by the addition of weter vapor (2~31). damneter, open a' the firnqi end, are. 3.45 and

1&.1. 'peceait. Nlien i-he firing end is closed
BIYYL ALCOHOL and ignition is caused by a heated. platinu-zx

spiral instetv' of a flamep, hle. higher limit
The limits of n-buitvi aleo'iol in 6ir, writh iiP- becti.nes 26.7 percent and the propagation is

wardI propaigation of Ilamie in a closed b)omb 4 by "cool flamne" (171.).
inches in diameter andi :38 inches in length, at In narrour tiuhe, (1 (3 2.5 cm. ,-. diameter),
a temperature suffivient to vanorize thp alcohiol, the previous histroy of the tube af~ected the
are 1.45 and 11 .25 p(',rcent (138). . results; the widest range' was 3.9:3 to 16.6

Influence of Temperature. -The lower lim~it percen t (2tR),
with upward propagaticli of flameo. in a cylinder-
:30.6 cmi in liarrieter aridl 39.0) om. in length, MEHYL ETHER IN OXYGEN
vented at its upper end, is 1.56 percent, at, 1(.X0
C., 1.27" at 2(900 C., and(, 1.22 at 22.5' C. (28391. An old chs-.Prvation placed the high er limit

Older determninat ion,, (.1 the lower limiit. are, of miethyl ether in oxygen, with downward
I .68 percent. isohuityl alcohol in a ylitcr flask pr pgtion of acilme inl a .2-ctn. tube, between
(221) ai~d 1.7(1 pe-et butyl alcohol under 4-2 and 49 percient. mnethyl et hcr (2.l8). Recent
uinspecifted cowli' ;ors {) 01). expertmvi;u!t in tubes- of diameters from 1 U)

2.5 cmi. gave resutlts varying w.,ith iii" previous
AMYL ALCOHOL 1!'storY of the tube; the widest range was 3.90

and 1.4 percent (262~).
The lower limit of amyl clephol in air is 1. 19

nercent in) a ý;-liter Blask (R21) and 1.20 pe-reent mrYHY MEIR IN OTHIER ATMOSP1{M~
uinder unspiecified cl'nnditioiis 001). Atmospheres of Air and Dichlorodiftcro-

ALLALCOHOL methane.-nie addition of dichiorodifluoro-
ALLYLmethane to itir narrows the rainge of tlan..nabi>-

The limits (if allyl olvl('ohl in air, withi upward ity of methlv ether until, when 1 7.6 pert 1'it or
propagation of flaw In a tuble I Inch in diam- inor' .a prese'it, no mixture is flammiable (171).
e'ter and( 1.9 ince-sp in Iength, open ht the top,
are 2.5.9 and (a, a suifficient t-on-peracturf, to M4ETHYL ETHYL EnM~
raporie the altoho') 18.0 percent (138).

lerdeterminatic.ns of the lower limit. giuve The limits of methlv ethyl ether in air, con-
3.04 percent in a 3ý-fiter flask (1921) and 2.4 ditions not specified,*are 2.0 and 10.1 percent
percent. under unspecified condition,% (791). (10t1).
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ETHYL ETHER pressure (S53). (See below under Influence of
Pressure.)

ETIY ETHER IN AIR Two observations of the limits of ether in air
have been made with upvward propagation of

Extraordinarily large differences are to be flame in a 2-incn-diameter tube, open at the
found between the various figures recorde(d for firing end. These gave 1.92 and 48.5 percent
the higher limit of ethyl ether in air. rIhese are (31), and 1.85 and 25.9 percent (183); in the
to bc explained by the phenomenon of "cool latter tests the source of ignition was presum-
flames," by which rich mixtures suitably ig- ably unfavorable to the initiation of a "cool"
nited can propagate partial combustion slowly, flame.
with a comparatively smal! rise of temperature Table 31 summarizes other determinations of
but with the normal appearance of a flame, in the limits of ethyl ether in air.
the upward or horizontal dir,'ction. In a 2-inch- The limits in a small vtssel have been stated
diameter horizontal tube the higher limit of the to be 1.2 and 51.0 percent (.9): and, with an
"ordinary" flame merges with the lower limit of obviously .veak spark, 3.14 and 9.5 percent
the "cool" flame at atmospheric pressure but (327). A lower limit of 1.67 has also been re-
becomes sepa'fate at lower pressures (359). In ported (302).
a 1-inch-diameter tube the ranges for the ordi- The lower limits in a 5-cm. glass tube closed
nary and cool flames are separate at atmospheric at both ends differed only in the seconid decima

TABLE 31.-Summary of other determinations of limits ,f flammability of ethyl ether in air

Upward Propagation o Flame

Dimensions of tube,Cr'. Limits. percent
Firing end Far end Content of a onc,- Itefer-ouis vapor ence No.

Diameter: Length Lower hligher

15 300 (iron) - (Cloed _ - O1n 73 23. 30 Dry 361
10. 2 j• (iron .... . _'losed 195 361 5 do. 183
7.5 150 (gIla,). .do .- do.. . 1 48 do. 35-7
6. 0 120 (glas•.q) .(to- 2. 71 1Partly dried... 32,55 150 (iron) - C~n,4t. ... Oen .- _ 2. 24 15, 45 do. _ Seit
5 150 (gla e-)_ . do do_ I. 93 i1. 75 .. -o- 301
5 150 (gzla-ss) (ito ('Closed .- I. S4 C4S . do 35,"3,
5 91 (gI••s - do. do I. 95 15. 60 do 351
2. 5 j 150 (gKlas) (tdo Oj do (to 2. M0 47 do 853
2. 5 25 (glwss)) (.tit - j t ido. .do- 1. 25 0. 0 Undried_ .[ 294

Horizontal Propagation of Flame

15 300 iron).. Closed 1 1. I 0 1 22. :3) DI i I
7. 5 150 (O&la.,) . ('loee'l . 1. S0 2. 7s0 dto-
5 150 (iron). 2I.2) OT9 '' , . 3H I
5 WILO (gln,•) do do , 2. 01 n dio
5 150 (alasg" i 114) ( shwed I I. 0i 33 do
5 91 (glapul) ItoA 2. 05 St ~

_____.....______ 1 ' 215' f 25 t

Downward Propagation of Flame

15 '300 (irovi) ('1M tO . . 9t . ; 50 drY 304,
7. 5 1.50 (glI.I" rio L M'. 6. 40
6, 2 .33 (Mtlam). OI OKsn . l I. 6l 1 aturrated . ..

5 1,W (iront . C ('om .. , OlNit 2 34 6. 70 bry
5 150 (Kl~t ,,I _. dto .' o 1).,2 15 ;. 15 do.()
5 41 (glasY I . do C (.h rol . .15 . 15 do. .

v I ... -ft)d do I 1. s 6.7 do.
5 65 (gM~ If. I Partly optr'n. Partly open 1 93 ft. do.) (it
2. 5 1,50 ,ls) ('1o"1 (l, t L. 97 !6. i . -do. 353

1. 33 fl IL" rOpen lo 2r75 7. 70 Saurte 9

'Cwl, flpw rsirgq.. seimt trrm the ordinriq fl~wr rngsk
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place from those obtained when a small stop- TABLE 32.-Limnits of ethyl e.her in air at in-
cock was opened at one end or the other; the creased pressures and ternperat urei;
higher limits differed by not more than I per- - ------ *--__

cent. Similar differences were observed when Limits, peroent by weight
the length of the tube was varied from 100 to ture *C' Pressure -------

250 cm. and when the point of ignition was Lower Higher
broug~ht forward about 6 cm. (853)32.

Influence of Pre3sure.--As the pressure is re- 140 _-do ----------- 0 32 3
duced below normal, the range of flammable 10 -do-- --------- ---- I - .3 32.35
mixtures in a horizontal tube .5 cm. in diameter 125...(10------------------~ 4.0 31.0
divides into two. At 500 mm. pressure the------------ (.0----------_- .
range is 1 .88 to 9.25 percent for the ordinary I Spnaeu hifammation.
flame and 13 to :33 percc-at for the cool flame.
As thie pressure is reduced further, each range .s Influence of Streaming Movement of Mix-
contracted, and a little below 400 mm. the co001 ture.-The limits were widened several tenths
flame is no longer propagated. At 90 mm. the of 1 ~ercent. when velocities up to 9 cm. a
renge for the ordinary flame has contracted to second were imparted to the mixtures (361).
2.32 to 6.1 percent (859). Similar observa- Influence of Impurities.--The presence of
tions have been made with a tube 2.5 cm. in die~hyl peroxide and of ethyl hydrogen peroxide
diameter (331). scarcely affected the lower limit, but any large

The effect of reduced pressure on the limits of quantity raised the higher limitr (361). The
ignitdniilty of ethyl ether in air by a standard lower limit, was unaffected by small additions
spark, rather than its limits of flammability, L~as of diethyl selenide or lead tetraethyl. The
been examined (8, 13). effect. of pyridine (one experiment) accorded

lnf~rcase of pressure above atmospheric with Le ChaLelier's formula (313).
widiened the rarge at both ends when the( tem-
peratuire was raised to maintain enough ether ETHYL rrHEB B OXYGEN
vapotr for tile test. The effect may be due more The lower!'-mit of ethyl ether in oxygen, with
týo the change of temperature than to the change upward propagation of flame in a 2-inch-
of pressure (14). diameter tube, open at the lower end, is 2.0

Influence of Temperature.-The higher limit percent. (162); in, a closed tube 10.2 cm. in
of ether ýi air is appreciably increased by a rise dianmeter and 96 cm. ill length, ?.10 percent.
of 40' C2. (361). (Sic also next paragraph.) The iiigher limit with upward propagation in

Influence of Pressure and Temperature To- a tuboe 4.4 cm. in diameter end 60 cm. mn length,
gether.-Tho limlits of ether in air have been ob- open at the upper end, is 82.0 percent (183).
served1, with horizontal propagution of fiarnoŽ in Tile limits with downwnrd Dropagation of
at closed Iltube 2.5 cni. ill dliamieter, at pressures flamve in a narrow burette are 1.7 antI 39.5
upl to 4,000 mmn. and temiperatutres of' 200. 500, percent. ether (;?0.5). The higher limit, with
100', aind 15t0' C.. The limits (of 1)0th ordlinary dowiaward propagation of flame in a closedl
and .-ool flailies arte NA Aeised by anl Iicrvikse in~ tube 4 cmi. ill diameter is 65 percent; in) the
tciilpcri~tutre; dwrefore. t ho two ranges nwoe ait presenice of 5 percenlt of carbon dioxide, 60 per-
lower prelcstres w; the temperature is raised. cini (124). Tile, limjits in a small v'essel,
A th1ird tYiw of flaine, green tin -olor, is observ. obviously with a weak spark, are given as 2.98
11bl11 ill t-e-oiii1 clr~cijrristaiide.s (12.5. 331, 33,2). and 45.S percent (32N)
pthe relat ion etWllCool llames- andr normal
tiannes kssi~l in dIiligrains awil ilisctisswid, and MMY MM1~ IN OTHER ATMOSPHM
collilit nsit' ll% whichl.N010 a cor, flwnmcnay become Atmospheres of Air and Nitrogen (Air De-
at normal tiame ar- gi%-en (126). ficimnt in Oxygen).-The litnits of ethyl vt her in

The linits; ;iI a cVyinorjcal i)ofll of 700 cc. air deficient inl oxygen h~ave been deter-mined
cilpzticitv. otter heat ing under- pre~'urr. for 30 to in a small bulb. Xs tile oxygen was reduced,
4ý minuntes4 to allow pr~thlmie combusit ion to the lowe! finluit remuained ne'arly constant, but
ocvc1r% are shown it) table 32. The lirinits are th-~ higrher limit fell rapidly; the limits coincided
exprvssed in perventages by' weight ; thic range at 10.7 percent. oxygen (13). .zv idens tit first withI inceraise of tempjeraturp hult Atmospheres- oi Oxygen and Heliuni.-Tbe
nalrrous whenf prefuileti comlbust ion hr"-omr's limits of ethYl ether inl all mixi ures of oxvpgo
evident. TYhe bomb wits filled at atmlosph~eric anld hehiuni, % ith upward propagat ion of flame
tempeiratutir to an initial pressure of 5.8 in a 2-inech-dianieter tubie open at the lower
atmosphleres (24,U). end, are- thown in figure 48 (162, 16'3).
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100 1 I I I I I I I I - -

90 - -- Helium=100 -(ether +oxygen

42- I

4-1

70 11 Itlmpossib~e mixtures ---

~7

U 5 Explosive area ---- 4 ---

cri

tt

30 f 0 20 3 0 5 ti7 0 9
ETHYCoo ETHERmeRCN

n~ 4& 1iarnnabiit~ .t 1 tu Eter 0xgcn Ieir t I'4ue

Atmosphere~~~~~~~~~~~~~~~~- o'NtosOie-h rit f:opretehrwe xgnfrs1 ecn
etyleterinnirusoxde wthupad roa- ofth wce ixur te.+
20ino lm na2ie-iree ue ae Amshr.o~gnadNtoiOie-

Atmosphere, ofAiad Nitrous Oxide.-The diitaom3 etrertub penttherwe lowyenfrmen (108 181).
l itofethyl ether in ant i o eride. oft u itrsofprdwward pn'oppa- ofn ofe flamee inir a(n24r.

donwrdprpaaton of flatlina2nedamete tube, arei Atmospheres of Oye n Nitrous% OxideadHeim--
buretand (245.2pre (6) Wihdw ad The compllosi tionl of all flainznialle miixtutres of

The hc.in h prlmity, 15ad1 ecn 6 with uowward propagation othf eteniru ote nd l h ium ar s-nhow

liisof fa etyehr in a seridtu e s4 om. mi xtre of Frdonadpmaui fanietei in a~ur 50 (165)
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100

90 Nitrous oxide = 100 - (ether + oxygen)

80 -

- Impossible mixtures

i 6 0

z

0. 5

0 40 Flm~mable per se--

20 It-11

0 10 20 30 40 50 60 70 80
ETHER. PERCENT

Fitwabi 49I---Flarninmhiliti of TEtyl Ether- O'xgein-Nitrous Oxide Mixtuwm.



92 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

90- iiulium. = 00- (ether + nitrous' oxide)'

80~mosil mixt - --

Flammablepe onosie

wZ60 -- -- -- _

C. Jr I

'Kx F i t Tiii

c-350 __ _

0I

~40

FF4

0 LIA~I F ~10 20 30 40 50 60 70 80

ETHYL PROPYL ETHER P1ROPY1. ETHER

The Iinntitof cthi -rplehe n(i ~ PROPYL ET HER IN AIR

(b) oxvp'n, with upw ard pro1pagat ion of flarne T'he firnits If isoprop.-.] ether in air, with
in a 2- 1inch-diainete'r tubi e, iqvn ait its Io\% #'r end, upward 1rapagat l(If of Iloneu in a 2-Mcbel
are (a) 1.9 atnd 24 percent anti (6) 2.0 andti dianivter t iih, open at I is lower end, 1mvv bei-n
ixercent (23-1). jivel Us 1.3- and 7.90) pervent (13Sý nui 2.1
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and 21 percent. (234). Presumably "cool in a closedl tube, 5 cm. in diameter with hot,-
flames" were obtained in thle latter experi- wire ignit ion, all mixtures containing more than
ments, not in the former. 3.6 percent of ethylene oxidle propagate flame

Another observation, made in a 2.3-liter upward. Above 68 percent the flaine is pale
b)ottle, direction of propagwi on unspecified, blue. At 100 percent a "decomposition flame,"
gave 1.17 andl 4.9 percent as the limits of iso- still less luminous, is propagatedl with higher
propyl ether in air at 100' C,. (281). speed (37).

In a 1-liter closed bottle, mixtures containing
PROPYL ETHER IN OXYGEN between 80 and 90 percent of ethylene oxide

The limits of isopropyl ether in oxygen, with wr nlmdatrsvrlscnssakn
upward propagation of flame in a 2-inch- (21)

diamtertub, R5 oen t it loer ndare2.2 The lower limit in a eudiometer tube 13 mm.
adiametercn tub,1pnatis3oeredae.. in diameter is 3.75 percent for upward propaga-

~nd 6 perent ~ 4~*tion of flame and 3.25 for downward propaga-

VINYL El T M tion (7P). Perhaps these figures should be
interchanged.

VINYL ETHER IN The lower limit in a Hempel pipette 150 cc.
in capacity is 4.35 percent. Ina flask 6 5

The limits of vinyl ether in air, with upward liters in capacity, the limits with downward
propagation of flanie in a closed tube 10.2 cmn. propagation of flame are 3.3 and 80 percent
in dliamneter and 96 cmi. in length, are 1.70 ethylene oxide (58).

and~~~~~ 279pret 'h ihrliiwt ffect of Pressure.-Tho, effects of reduced
upward propagation in a tube 2 inches in pressure on the limits of Kihvlene oxidle in air,
diame*ter andl 6 feet in length, open at the firing with upward propagation o, flame in P closed
enid, is 26.5 percent (140). tube 5 cm. in diameter, are shown in figure

Effect of Irnpurity.-The presence of 3.5 per- 51 (37). Neither the blue flame with rich
cent of ethyl alcohol in vinyl ether is almiost mixtures nor the "'decomposition flame" is
witheut effect on the limits (140). propagated downward, and the higher lituit

V~iYL THER I OXYGn corresponds atpproximately to the brokeni
VINY ETER I OXGENline in the figure 51.

The lowerhlmit of vinyl ether in oxygen, with Ini a pipette of 50 cc. capacity, thle lower limit
upward propagation of flamie in a closedi tube fell from abotit 3.7 percent at atmospheric

4 inhesin iamterand 8 ucbe inlenth, pressure to about 2.8 percent at 550 mnm. and4isce 1.8 percent.Ter ali38it, with upwangtd then rose to 6.5 p~ercent, whcre it mel the, upperis18 ecn.Tehi~ghr limit, att apwerd
propagation in a tube 1.7-5 inches in (lianiettr lmttaveysmall pressure (apperently
and 23.5 inches in length, open at. thle top, is nyafw u.o ecuy 2.)
85. percen~t at a temnperature suflicient to ETHYI.DIE OXIDE IN OTHER ATMOSPHERE
mnaintain this p~roportion of vapor (i',0).

Effect of Inipurity.-Thv presernce of 3.'5) Pr Atmospheres of Air and Carb~on Dioxide.-
cent ethyl alcohol inlnl ether does not affect 'Hie limits of ethylene oxide in all mixtures of
thie lowver Iluititt, but thie higher limit is reduced air and carbon dioxide are shown in figure 52.
from 8.5.5 1W 80..5 percelit (1410). Thle determinations were made as described in

the first paragraph under Ethylene Oxide ini
VINYL ETHER III OTHER ATMOSPHERES Air. The tipper part of the curve applies to

the curious type of pale blue flame mentioned
Atmosphere of Nitrcua Oxide.---The lirnits of U(1ý4 185).*

vinyl ether iii nitrotis oxide, with upward Fromt the depta in figure 52 it can be -.shown
propagation of flame lin a 2-inch tube, open at that, to render eli possible nmixtuires of ethylene
the lower end, are 1.40 and 24.8 p~ercent (163). oxide and air no.mtlannunble at ordinary temper-

atutres and( pressures, at least 7.15 volumes of
ETHYLENE OXME carbon (dioxide are requiiredl pur wnit volume

ET11YLENE OXIDE IN AlIR of ethylene, oxide, As thle molveular weights of
these two substances are equal, 7.15 pounds

The limits of ethylene oxide iii air, with of carbom (l'oxide inixied with each pound of
upward propagation of flamet in t uia's 5 and4 ethylene oxide will render it incapable of making
C? ei. in (liamneter and( 150 cmn. iii lciigth, open a fhunmnnble inixt nre wiith air (1.;3).
at the firing end, are 3.0 ani(! 80 p~ercent (1,33). From experimieiitg in a I-lilter closed bottle.
The richer inixttures 'in t his range born at thie i! Was de ue li std01 at least 10 volumesk- of
ho: tornl of thie expflosion tube.f, winiet hues for carbon dioxide nrcr rvqiiired, per Uimiit volume of
3t0 Sluf 1 1i s, t henm a very pale blue flame passes ethylene oxide, t) render mionflaninniable all
sRlowly- to divh topj of t lie tulbe. possible inuxture,; wi~th iir (.124),
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uillr( di'lce', 41 4 Iam 0110i1 thidm r ope t ~t he Iirinlg enld, are ah4i)It.
-2.1 .111d 21.5) percent (1851'

P~ROPYLENE OXIDE IN OTHER ATMOSPHERES

t; _ _ __ Atmospheres of Air and Carbon Dioxide.
Onle vol illne of pro4py v ivi1 oxide1~ lieds 1S I.0

w vOluiimis of 4'arhon dia\.'', tl iiiike a nmixtlure
C. thilt is I10oI1111a 11nhlea)1 it lIS'3).

The lower limit of dmioxann inl air, wilh iipwnrtl

Propalgation1 of flamel ill 41 l('04541 t111e - ii'I
I in itldionwtor and1( 3SX tivitqh lit 14ngtlI, i, 1.()-

jrnt.The, higher Ohilit, k1 hi 11111ar proj'll-I frtlnn it a 1ube 2.5 im-onIll~ in 4III1nItor anld 36
Inches Ill vien1rtl, opwil lat I he topl, is:12.5 wrei ikt

ThIOXANE

'I'iv l it 1-s of triONIM0 in' i air, wit ub pwardI
4D I 4 41 ) propl)"lI~hlt oi f flaime lit a1 I iib I imllelil fin diamter

CAi,BON DIOXIDE Ml ATUMOPHERE PERCI&NIT and~ Is j:14'fkes ill le-ligirIi op4ofl lit (lit, top, are
Fit.-vit .52. imotit-4, FlaumoabilitY t~f I 11.let o 3.57 anid 2S.70) percent(l.)

ONidv in Air and 44C.arlm~iI I )juiW'1p.

Effect of Pressure.-TIhc nimit of a qerii'q AE
of raixlt urs of vi bvleuev 0xidt. an~d carbon T1hoIe r 1 inilt of avelaI in air. w4ith pwr
d'oxi~de (froml I :I t 14:) t i)t variotls prtwisIlrcq propiagntloll4 of flamei in it 2-inI-b*inimmntii'r I ube,
MJIow atmosphleric 1iftit. IeeII tfett'niiiiille ini opi-it at d th ~e )4r endt, i, I ..i's *44'm'l (1ISS).
50-ct. pip~etteL The results are graplif-d (2w1). 'he# hilgher himil, with upl ard propagation of
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flame in a 2-inch-diamneter tube, the mixture TABLE 33.-Summary of o~t&r determina~tion* of
being at 450 to 500 mm. pressure initially but vcrnit8 of flammabih~y of acetaldehyde in air
attaining atmospheric pressure during the
propagation of flame, is 10.40 perceat (188). Uprward Propaigation of Flame

METIWHYL CELLOSOLVE Ditnensions. of ~ ~ t. Cntn fRf

(GLYCOL MONOMETHYL E;TljlM) ue, Firing end -~--- aquo- erenee

The lower limit of mepthyl cellosolve in air, etrLnt iLowcj ihr ao N.

wit Ii tipwiirt propagation of flame in a tube~ 2 -- ~--~--- - -- ___

incdies in diarni,:er and 18 inches in length, 7.,110ýClosed--- ~ 3.9 5 1 Dry ---------- 3W
5 10-- do ---- 4.21 57--------------36

vented at its uipper end, is 2 50 per~ent. at ----I -- (4. ---- t0 1 7.0 1...
1250 C. Its highier !:,nit is 19.8 percent at I ___e. ____----------

1400 C. (138). Horizontal Propagation of Flame

ETHYL CELLOSOLVE - --- --. ,--- -___-
(GLYCOL MONOETHYL ETHER) 7.5 1 4. 32, 48 Dr---.-

5 .Ž....do....4.32( 16 } o...A .The lower lin-it of ethyl ('ellosolve in air, 4

with upwardl propagation of flamne lin a tube 2
inchies in (ijanieter and 18 inelies lin length, Downward Propagation of nlame
vented at 'Its upper end, is 1.82 percent at
140' C. Its Iiigher limit is 14.00 pern wit at 7.s I isi I cto.-* ---- 4 1 .1U

150 15 (38 . ------- 4A6 12-k .. o~
1500 C. (138). 1.7 ........ .....do - 5.7 13.51. ---- .

BUMY CELLOSOLVE I Tbese limilts are for tue -^eI flanit."
(GLYCOL MONOBUTYL ETHER)
I'l(-loerliitof butvI ('ellosAve in air, In an at~mospher,-2 of 21 percent oxygen and

wthe lowerd propagait nýfIavi u. 7 percent carbon dioxide no mixt'Ure with
wit uwar popga in f fam i a ube2aldehiyde could propagate faedwwr

indies, iii d ,iniiieter and 18 inches inl lvngth,ý in 1.7-mcn tube (188). fae~o~wr
vented fit Its u1)l)(r end, is 1.13 pv'i'ueiit 1
170' C. Its hilgier Ilimit is 10.6 perveeit at PARALDEHYP)L
IStO- C. (1.38).

D~rHY PERXIDETile lower limiit of paraldehiyd ' in air, condi-
DIETHL PER~iDEtionsnot ' itied, is 1 .3 percent (101).

The lowt';' limilt of diet livi peroixide in air,
wil diIowniiwarid prilippl tolli of II diiý Icn a BUflYRALD Ff f ED
2-inch-diaiiieter to he, is 2.34 Iwruent (3t61). 'Pe lower iiiit of hut vraldehivde in air, with

ACETALDEHYDE upward prlopagation of tila)1ine a 2-inch-diam-
eter tube', is 2.47 percent (188).

ACETALDEHYDE IN~ AM~
aTile liimits of avotallde.'lmvdlin air, with tip- ACROLEN

ward propilgo t mon (if ibnut' ii a 2_ inchi-*iamneter '11- limnits of acroleink in air, wit- upwardtube. opeil at the lower e~nd, are 4.12 andi 55. prpaaion of flaiiie in a 2-inll '-dlitl ;net , tr tubie,
pert 'vtt (!ms). of opon ait tile lowver enid, iare 2.S~5 and 30.5 percent

bddt'o :i stimmiiiniizi's otherti referiniination ofI1S8
t11e limlits of tliiirh1 rv* i(ttatlvl.dehe in
air. CROTON ALDEh-YDE

ACETALDEHYDE IN OXYGEN

'I'll linlits of itoi'tndlrivdlie ill oxvi-'n. ('ondi- The liniii, of (croton iddeli -vd in air, with
iolp.; not stiltt- b 11it prn il ' I il tin closet 2-inch- u pwaflrd proptnit itot I of flailo' in a clsdtube

dianwter~ ~ ~ ~ ~ ~ ~~ ~,. cmat ulI9j.pren .) '1. orj dlinIveler anid 96 cm. in length, are
diii~mie Lr tti ic, ire 4~i id 3 p'rtell~) .12and 1 -5.5) Ipert'.'t (1,1S).

ACETALDEHYDE IN OTHER ATMOSPHERESUR RA

nf 21lat' mitsai. to~'nmiii, p'vite ir t, 00 nmvimi.r and e lower limit of furftiral in air. with upward
60) lvreit''t carillio d~ioxide aire S.1 In niIt propimgai ion of tanmi' lin it til0w'5 cmi. in diamieter
perfelit wit ii dos' Iiv' irt propagal i('n tiii a fiid 150 cm. inll'~ Ivii.1t open'l at. tile filing end,
1.7-cmn. tubtim jISS). is 2. 10t pen i'e iI i t 1I . 2 C. (164).
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ACETONE stated as 1.6 and 15.3 percent (9). The agree-
ment of the figures in table 34 is poor.

ACETONE IN AIR Unusual difficulties have arisen in the inter-
pretation of observations of the nature and

The limits of acetone in air, with upward progress of flame in acetone-air mixtures.
propagation of flame in a tube 5 cm. in diam- Thus, one observer writes (353):
eter, op(n at the firing end, are 3.0 and 10.80 The greatest difficulty was foond with acetone.percent (138) or 3.1 and 11. 15 percent. (81). * * * The (higher-limit) Iigurcs fiiilyv taken were

Table 34 summarizes other determinations of the highest values obtained in any of a groat. number

the limits of acetone in air. of trials. Below the values given an ignition would
often occur and a flame only go halfway up the tubeThe limits in a 2-liter flask and a 13-liter * * * The fact that a flame goes only halfway or

flask, with ignition near the base, are 2.5 and less along a tube is no proof that the mixture is above
10.4 percent (76). Two older figures for the the limit in that tubx" *I* * In a 7.5-cm. tube

lower limit, probably for downward propaga- near the upper limit upward a mi'dure which only
tion of flame, are 2.9 and 2.7 percent (•13, 221. propagated flamne 50 cm. or less would often propagate

) ame much farther at the secontd trial and at the third
The limits in a very small vessel have been all the way to the top.

TA.LE 34.-Sum-nary of other deter.ninations of limits of.flammability of acetone in air

Upward Propagation of Flame

Dimensions of tube, cm. Limits, percent
Firing end Far end Content of Refer-Firig ed Ft ed Iaqueou~s valx~r ncteC No.

Diameter Length 
I Lower Higher

30. 6 39 (iron) ...... Closed- ..... Open- ------ -2.67 UUndried -- - 29

15 300 (iron) --.... do. ...- -do-. 1 2.88 12, 40 Dr% - . 61
10.2 96 (iron)- do... ...- Closed-... .. 2.55 12.80 ýd .o14
10. 2 96 (iron)---------- do---- -------- do 2. 64 - 85 percent Iat- 14I.t i urated.
10 75 (glass) --------- -do ------------ do- 2. 15 r9t7 r.y 852

7. 5 150 (glass) ------- (o- -------- do- 2. 89 I 11.8 (10. 353
5 150 (iron) -------.--- -do- . . i o, ---------- -3. 80 do. 381
5 150 (glass) ..------ I -do ------. I 9 12.20 1 do. -1
5 150 (glass)_ _ I-... - .do...-- .. -- ('los.---i ----- - -2 90 12.i 6 (V l 353
5 15so (glass) ------------ do --. ,.. 2. 20 9. 3582
2. 5 150 (glass) ---- - do. (o . 3. 12 12. 95 do --- 35.1
2. 5 60 (gla'is) do. doit 2. 30- 7.5 do 85?

2. 5 25 (glass) (Central ignition)' _ .do_ 2. 5 9.0 Undried- 294

Horizontal Propagation of Flame

15 300 (iron).. C Closed . )Jw .. 2 41) 12. 10 Dry 3861
10 75 (glass) It do. (ho••t 2 20 9. 5 (do) 352

7. 5 .1, (glap-4). .do. .o. t . . 2. 912 11.9 1 do .15
5 150 (iron)L. . do. .). Open . . .. 30 . .. d W(o. 36!
5 150 (gla•s) ... . - - -. - do. 3. 0"4 9. 15 ' . do - ".:ot
5 150 (gIas.) - - hdo -. ... (lo.sed - ---- - 2 !W6 t. 9( do. '1.i3
5 '• 150 (glass) .d -. _ 2 25 9. 3 ,Itdo.
2 5 o150 (gao) " - 3. 10 A. 25 d' ,5.

5 60(glK)- do , 2..10 6 7 t35

Downward Propaqation of flame

2, 5 33.5(irnnt ..-on. tell- - l . 2 5 no .;
15 300 (iron).. (osed .- - pen 3 .i It).v !.1)r0 ; .1
it; 75 (gls) . - . d,. . . Closedo - 2. 3,5 ",
7. 5 1SO (RIas'.) . , - - do. ( 2 93 8. ii d6 (. ,.
5 1.50 (iron) .. . d- --...... Opelwn . 4.00 (,,
5 150 (ghs.B . .do A -io. 3- 15 8 35 d------. 36
5 150 (glass) do. -" - (ho'ed . 2. 99 S 40 .do. .3;3
b 150 (gl•as.). (). . . ,, . 2 40 8. 3 I,-,_ 3,-
5 65 (gla•. . .do do _ 3 00 5 o10 8 107
2..5 150 (gla.) - do I. t 3. 15 S. 25 (14-- 353
2. .5 GO (glas'o do--------d, 2 75~ 6.5 (Ion1

I I I
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Influence of Pressure.-The effect of reduced and 8.70 percent at 1000 C. to 2.33 and 9.75
pressure on the limits of ignitibility of mixtures percent at 2500 C. (21, 23).
of acetone and air by a standard spark, rather
than their limits of flammability, have been ACETONE IN OTHER ATMOSPHERES
examined (13).

Influence of Temperature.-The lower limit For atmospheres of nitrogen and oxygen,
of acetone in air, with upward propagation of carbon dioxide and oxygen, and equal volutmes
flame in a tube 2 inches in diameter, is 3.00 at of nitrogen and carbon dioxide mixed with 20.9
lhboratGry temperature (138) and 2.92 at 1250 percent or less of oxygen, the limits of acetone
C. (16!j). have been determined in a 2-liter flask with

rThe limits with upward propagation of flame ignition near the base. Curves are given in
in a closed tube 10.2 cm. in diameter and 96 tile original paper (76) for the whole region of
cm. in length widened from 2.55 and 12.80 explosibility. It appears that, when the oxygen
percent at room temperature to 2.17 and 13.05 content of a nitrogen-oxygen atmosphere is
percent at 1750 C. (142). reduced below 13.5 percent, no mixture with

In a standard machine for coating wire with acetone will propagate flame (70).
cellulose acetate, the lower limit with down- Mixtures of acetone and sulfur dioxide,
ward propagation of flame fell from 3.0 percent evaporated int-o the air, can form flammable
at. 65( C. to 2.8 at 1500 C.; with middle ignition, mixtures only when the ratio of sulfur dioxide
horizontal and upward propagation, from 2.9 to acetone is less than 1.9 by volume (liquid)
at 65' to 2.5 at 150' C.; and with propagation (308).
against a current produced by a fan, from 3.5 METHYL ETHYL KETONE
at 65' to 3.0 at 1500 C. (142).

The lower limit with upward propagation of Table 35 gives the obser~ed limits of flamma-
flame in a cylinder 30.6 cm. in diameter and bilitv of methyl ethyl ketone in air.
39 cm. in length, mixtures undried, vented at The lower-limit 'figures in this table are
its upper end, are 2.67 percent at 21' C., 2.40 moderately consistent. La a large space, at
ao 100' C., and 2.00 at 2000 C. (239). atmospheric pressure, the lower limit is probably

The limits with downward propagation of about 2 percent and the higher not greater
flame in a 2ý4-fitcr bottle widened from 2.78 than 12 percent.

TAIiLi-: 35.-Limits o fluminmabilily of metAyl ethyl ketone in air

Upward Propagation of Flame

Dinionsions of twte,,I
,' t ,!Limit,•, ipereent

cIlef "enc
Firing end , Content of aqueous vanior %-

Dialiete lwgt ower Ifildleri)jamovtcr I.4,ngi ii . I~ or IiI~

30. 6 3!1 Closed (top) ven ted) - 1. 83 . -. dried 39
10. 2 46 Cl'hosed, L5I ,1.5 D)ry 150
7. 1 5 0 I ,d 1. 947 10.0 ,do 353
5. 0 150 In 2, 05 9. 9 ,. 363

&5, 0 911 Io 2. 15 11.......it) 3512. 5 150 I.. I.......... 212 10.I d(to . . . 53

Horizontal Propagation of Flame

7.5 I1O ('150. .l.d 1. i.17 17 10.2 Dry, . 353
5.0 150 do .... .. 2. 05 t5 do . 353
5 0 t ,1 . ..1 ......... . . 2. 25 1 0. 5 (to 35,
2 • 150) do..................2.12 6.6 o .do 153

Downward Propagation of Flame

75. IM):(, o . ý -------e- --- 2.0.5 7.6 1hY 3.5
5.0 ISO doi. . -10 7. 4 (io 3t)
5.0 do1 2..........i 40 5. X do ......... .61
2.5: I) ho.......... 17............... 2-7 6.3 dIo .. 63
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Influence of Temper.ture.-The following ACETIC ANHYDRIDE
limits were obtained for upvard propagation
of flame in a tube 3 inch. s in diameter, with a The limits of acetic anhydride in air, with
loosely fitting cap at the top (238): upward propagation of flame in a 1-inch-

diameter tube, open at the upper end, are:
Initial - Lowriiower, 2.67 percent (Pt 47.30 C.); highez, 10.13

i t rerc t ier entr percent (at 74.4' C .) (172).
ture, U . percent percentpe

so 19 PHTHALIC ANHYDRIDE100 1. 7 9' 7
150 1'.5 9's 8The limits of plthalic anhydride in air, withl• ,. •.9upward propagation of flamne in a tube I inch

in diameter, open at its upper end, are: Lower,
The lowNcr limit with upward propagation of 1.7 percent (at 1400 C.); higier, 10.5 percent

flame in a cylinder 30.6 cm. in diameter and 39 (at 193' C.) (184).
cm. in length, vented at its upper end, is 1.83
percent at 210 C., 1.70 tit 1000 C., anti 1.33 WlnHYL FORMATE
at 2000 C. (239). METHYL FORMATE IN AIR

M Y,, PROPYL KETONE; ETHY BUTY The limits of methvl forniate in air, with
KETONE upward propagation of flanme in a tube 6 cm,

iii diameter, open at the firing end, are 59 and
The limits of methyl propyl ketone and 20.4 percent (31). Slightly narrower limits

methyl butyl ketone in air, with upward prop- have been found in similar circumstances (185).
aWtion of flame in a closed tube 4 inchles in In a closed tube 4 inches in diameter and 38
diameter and 38 inches ini length, are 1.55 and inches hi length, the limits with upward
8.15 percent and 1.35 and 8.0 percent, re- propagation of flame are 5.05 and 22.7 percent
spectively (138). (165).

The limits of methyl isobutyl ketone in air, The lower limit in a closed tube 2k inches in
with upward propagation of flame in a tube 1 diameter and 4 feet in length, is 4.4 percent with
inch in diameter and 18 inches in length. open upward propagation of flame and 4.5 percent
at tihe t,.p and at n sufficient tenmperaturfe to with horizontal propagation (2;?6).
vapor;ze the substance, are 1.40 and 7.50

percent (188). METHYL FORMATE IN OTHER ATMOSPHERES

Atmospheres of Air and Carbon Dioxide.--
CYCLOHEX.ANONE One volume of niethyl forinate needs 2.3

volumes of carhoin dioxide to make a mixturnie
The lower limit of evelohexanione in air with thatis oflammabl ioxir t

upward propagation ol flame in a cylinder 30.6 that is nonflaninabh, in air (IS).

cin. in diamncter and 39.0 cnm. in length, vcnted ETHYL FORMATE
at. its upper end, is I. I1 percent at 100' C,,
0.96 at 2000 C., 0.94 at 225' C., and 0.91 at TYL FORMATE IN AR
2500 C. (239). The limits of Mhtbyl formnate in air, withi up-

ward propagat ion of thinue in a i lrhe 6 cm. inISOPHORONE dianioier, open tit the firing en1d, are abhoiti 2.7
The limits of isophorone in air, with upward and 13.5 percent (1S5).

propagation of flame in a tube I inch in diameter Other (leterin'inations, made in a closed tute
and 18 inches in length, open at the top and at 2 inchies in diameter and 36 inclles il hlength,
a sufficient temperature to vaporize the iso- arc: With upward pimlpagation, 3.5 and 16.4

phorone, are 0.84 said 3.80 pereent (138). percent ; horizontal, 3.7 and 14.6 peri asd
downward. 3.9 n11d I IS perrcvnt (351.).

ACETIC ACID The limits wit, upward propigallion it a
closce d ron tuwho 4 inchie.z ill diua miwr and 38

The lower limit of acetic acid in air, with inchIs in length ar,'.2.75 and 16.40 percent
upward propagation of flame in a clo!-d bomb (138).
4 inches in dianicter and 3S inches ill hlngth, at EHYL FORMAM I OTHER ATMOSPHERES
ki sufficient temperattire to vaporize tihe acid,
is 5.40 percent (138). An old detennination Atrnosphcres of Air and Carbon Dioxide.--
gave the lower limit in air in a 500-cc. flask, One volume of ethyl formuate requires- 6.0
apparently with downuord propagation of volunniw of carbon dioxide to make a mixturo
fliiime, as 4.05 percent at 3Q0 C. (221). that is inoillaninnable inir (185).
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BUTYL FORMATE 4.1 and 13.9 percent; horizontal, 4.25 and 11.9
percent; and downward, 4.4 and 10.1 percent

The limits of n-butyl formate in air' with (351).
upward propagation of flame in a tube 1 inch
in diameter and 18 inches in length, open at the T ACETATE
lop, are 1.73 and 8.15 percent (138). ETYM ACETATE IN AIR

ME1THYL ACETATE The lower limit of ethyl acetate in air, with
upward propagation of flame in a tube 6 cm. in

The limits of methyl acetate in air, in a closed diameter, open at the firing end, is 2.55 percent
iron tube 4 inches in diameter and 38 inchea in (31) and between 2 and 2.5 percent (185). The
length, with upward propagation of flame, are higher limit is between 8 and 9 percent under
3.15 and 15.6 percent (138). In a closed tube the same conditions (185).
2 inches in diameter and 36 inches in length the Table 36 summarizes other determinations
limits are: With upward propagation of flame, of the limits of ethyl acetate in air.

TABLE 36--Summary of other deter,-ninations of lijini of flammability of ethyl acetate in air

Limits for propagation, percent
i)mit',nsio•s Of oftulbe, eral. RerneTube Upward Horizontal Downward Reference

____ ____ , -~____ No.
)iamntetr 1.,igth Lower Higher Lower Higher Lower Higher

10.2 96 Closed._ . 2 18I S 139

7 5.50 do- 22 -6 2.29.... 2.3 35
5 1 .,o do- 2 3" ' 11 401 2.35 '9.80 2.371 T710 363

2.5 15( do 2.... .. .22. 44 ---- 2.50 .5-
2.5 25 do- 2.o25 1 -1 094S. .. I ----------. ..---. .

t At 60O C

According to old experiments the lower limit (138); another value for the lower limit, with
in a 2-liter hothle, prolahlyv with downward upward propagation of flame in a tube 6 cm.
prpagation of nih , is 2.3 percent (221). in diameter, open at the, firing end, is 2.05

Influence of Ternperature.---The lower limit percent (31).
of ethlv acet1tatte in air, with upward propagation
of 1hlame in a tube 10.2 c'm. in diamieter and 96 ISOPROPYL ACETATE
tini. icn lemg~h, fell front 2.1s percelnt nt 230 C. to
1 .75 t-rccnt tit 200 C . (189). The limits Of iSopropyl acetate in air. wth

ETHYL ACETATE IN OTHER ATMOSPHERES upward w)ropagation of flame ill a closed iron
tube 4 inches in diameter and 38 inches in

Atmospheres of Air and Carbon Dioxide.-- length, are 1.78 and (at 90' C.) 7.8 percent
O)ne vtolunme of etithl act1ate requires 6.3 (138); the lower limit with upward prolpagation
vhlulne'. of carb.on dioxidte It) make a mixture of flamle ill a closed tube 2.5 cin. ill diameter
that is nonflhmniable ill air (185). and 25 cmi. in length, with central ignition, is

M ACETATE 2.0 percent (2.9.1).

'l'h, limits of vinvl acetate in air, with upward BUTYL ACETATE
ropagt, ion of flame, 'oint 2-imwli-ir2 ter tube, The lower limit of butytl acetate in air, with

opjen tdth lower end, are 2.65 and 13.35 upward propagation of flame in a tube 6 cm.
percet' (138). in diameter, open at the firing end, is 1.7

PROPYL ACETATE perceni at 30' C. (31).
The limits of ti-but'.] acetate in air, witii up-

'rite limits of propy' acetate in air, with up- ward propagation of flamne in a closed bomb 4
ward propagation of flame in a closed iron inches in diameter and 38 inches int h'ngth, at a
tuhe 4 inches in diameter and 38 inches in temperature sufficient to vaporize the butyi
lengdi, are 1.77 and (at 90g C.) 8.0 percent acetate, are 1.39 and 7.55 percent (138).
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AMYL ACETATE initially but attaining %tmnosphieric pressure
during propagation of t~he flaine. are 12.60 and

The lower limit of amyl acetate in air, with 11.05 percent, respectively (138),
upward propagation of flame in a closed bomb,
4 inches in diameter and 38 inches in length, is METHYL LACT ATE
1.10 percent (138); in conditions not stated, 1.1
percent (101). The lower limit, of methyl lactate in air, with

rinfluence of Temperature.-The limits of is~o_ upward propagation of flame in a cylinder 30.6
an yl acetate in air, with upwaird propagation of cm. it, diameter and 39 cm. in icngtk, vented at
flame in a glass tube 2 inches in diameter and 18 its upper end, is 2.21 percent at 1000 C., 1.86 at
inches in l.ength, open at th~e upper end, at 200' C., 1.80 at 2250 C., and 1.75 at 2500 C.
1000 C., are 1.22 and 7.45 percent (138). The (239).
lower limit., with upward propagation of flame ETHYL LACTATE
in a cylinder 3G.6 ciii. in diameter and 39 cm. in The lower lim-it of ethyl lactate in air, with
length, ventcd at the top, is 1.00 percent at upward propagation of flaine in a cylinder 30.6
1000 C.,0.82 at 2000 C.,and 0.76 at 2560 C.(239). urn, in diameter and 39 em. in length, vented ati

METHL ClLOSLVEACEATE ACEATE its upper end, is 1 5i5 percent at 100' C., 1.29
OFHY GELYCOLV ACNO ETATE (ACETAT) at 200' C., and. 1.22 it 250' C. (239).

The lower limit of methyiy cellosolve acetate ETHYL NTRMATE
in air, with upward propagation 6f flame in a The lower limit of ethyl nitrate in air, with
tube 2 inches in diameter and 18 inches in upward propagation of flame in a 5.3-cm.-diami-
length, vented at its upper end, is 1.75 percent eter tube, openi at the loweŽr end, is 4.00 percent
at 1500 C. Its higher limit 1;s 8.2 percent at (98).' In a 2-liter hottfle, apparently withI down-
1500 C. (1383). ward propagation of flame, it is 3.8 percent

KfTHYL PROKiONATE; ETHYL PROPIONATF. ETHYL NITYMT

The ;ower limit.- of methyl piropioniate and The lower limit of -dt *Yl nitrite in air, with
ethyl propionate in air, with upward propaga- upward propagation of flamea in a 5.3-:'in.-diani-
t'on of flnime in a 2-inch-dinnieter tube, open at ett'r tube, open at the lower end, is 4.11 pc'cent
the 'lower end, are 2.41, and 1.85 percent, re- (93).
pective(ly,. The higher limiits in a suimir tube, The limits ;; ins,, tubes 15C cat. in length

the mixture being at 450 to 500 innm. pressure aegvni

TABL1F 37.-Limi1q qf flamrnabditj of et1hyl nd.r~. c- 'ýi ai

I Limits for propagation, pwerent

Tube diAtneter, cm~. L pwa~rd Holtrizontal D~ownwardi

Lower Ifixher jLower Higher L~ower hfigber

7...---...... &00 3.1 3,3 5)

In ali prdsbility the higher liniit with up- upward through the I~ ci. between the Otlec r~i and
war'] propagation of flame is mteh niore thin thO tOP Of the tube.
the figure given. White (353) says: CRESO0L

Tha~t this4 compoundl is rap~able of traram~itting two~ The lower limil (if tr-p-c4resl with upwarnd
different flamtv through th:ý sae ismixtur' wam showni propagation of flame in a -yfintlcr 30.6 cm. ini
during an attvmpt~ed downward Ign~ition in a 5-etb ine4rad 90cm. iul "eglvntd£
at the upper limit. This znixttore. which wolIr hay,., daitrad3. ii i!'gi
burnwl downward vioh'letl inii nrnal rirrem~ntpikees upper end, is 1.06 pe.w'erit at 1500 C., 0.93 at
on sparking gavec a pakt-t.'tue flame which m,.-.ed gLeRtiy 200' C., and 0.8~8 at. 25WI C.
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AMINE AND LMINE inches in diameter and 6 feet in length, open at

The limits of several amiines and one imi, the firing end, are 10.75 and 17.40 percent
(jnfflition by a flame). The limits are. wider

with up-'ward propagation of flame in a 2-inch- wlenanidtonolsprisueina2-
diaete tue, regivn i tale38.Thelimts liter bell jar-8.25 and 18.70 percent (132).

marked with an asterisk were obtained by The widest range was obtained b7 the use of a
igniting at 450 to 500 mm. pressure, the pres- 15,000-volt transformer spark in a 7.5-liter
suretrising to atmospheric but not exceeding it cylinder-7.6 andl 19,1 percent with upward
it.; the fame rose. The other limits were propagation of flame (S62).
obltained with the lower cud of the tube open The limits, apparently in a 10-liter vessel, of
(138). ignition by flame or spark or white-hot wire,
TVABLE 38.--Limits offiammability of amiflr8 are 10 and 15 percent (298); in a spherical bomb

anid an imine, percent (size not stated), spark ignition, 8.9 and 15.5
_____________ ___________ - percent (924); in a cylindrical bomb of 1.2 liters

IL.,., limit r capacity1 , 8.1 and 17.1 percent (256); in a 7.5-
__limit liter cylinder, flame ignition, 8.0 and 18.9 per-

cent (362); in a I .6-cm.-dianieter tube with
Afet y m in -- ---- ------ -- .... ... .. 4 M:10 75

,s4.e '4 4 downward propagation of flame, 9.7 and 14.1
Trirethyis&mine------------------------- -20 peren (30;ad40 Hme . n
Tiet hylamine------- --------------- 2.0 OnQ
Diethyl&ine ----------------- -------------- 1. 77 2010 18.4 percent (291).
Triethyl amine ------------__-._.-.-.---------iss ...
i'ropyl aminr ------------------ _------------2.01 1.3 MEHY CHOIENOYE
u~-iPui ylznine- -------- --------------- 1."70 .9. 75 IT LCLRD NOYE
Allyl %mine----------- -------- -----.......... 235 t*2. 20) *22.05
Etthyienolmine--------------------- 1.6 *5,8 The limits of methyl chloride in oxygen, with

---- -- _____--- downward propagation of flame in a tube 3
'Sfttext for exp~anatioD. cm. in diameter, at 600 mm. pressure, are8.
The higher limit of triethyl amine in air, said 65.8 percent (89).

with upward propagation of ilame in a tube t MEHY CHLORIDE IN OT;U ATMOSPHERES
inch in diameter and 18 inchtes in length, open

at the top and at, a sulficient temperature to Atmospheres of Air and Methyl Bromide.-
vaporize the amnile, is 7.90) percent (138). In a Hempel pipete, 1.3 percent of miethyl

bromide was suificien to rendler all mixtures of
ACRYLONITRILE methyl chloride and air nonflammable (291).

The lower limit of acryhonitirie in air, with Atmosphere of Nitrous Oxide.-The lower
upward propl-aat ion of flaiiie in a 2-inchi-diame- limit of methyl c'hloride' in nit rous oxidle, with
ter tube, open at the lower end, is 3.05 percent. downward propagation of flamie *in a tube 3 ('i.
Thue hig"her linmit, with tiupward e~opagation in a in diameter, at 600 min. pressure, is 5.0 percent,

I -. A'l-( Raieel ~lu' oituiat tle tipper end, at (89).
29.40 C., is 17 lpei(eiit (156). Atmospheres of Air and Dichlorodifluoro-

methane.-In a 7.5-liter cylinder, inixtures of
PYRWINEmethyl chloride and air are nonflammable if

thei' contnin 10 percent by volume, or more, of
rTile limits of dry pyridline in air in a clo09ed dihl~dftoomeh i' (362); in a 1 .6-<-m.

Ituibe 5) cfii. inl d iameter antd 1510 Ciii. Il 1eenft Ii aire ttibe, 7 perl'('nt or mort, (340). MixItures 'onl-
Its follows (2,53): Upward propagat ion o lhiame, tamliing 35 percent by weight. or lews of methyl
1.1l and 12.4 per-eiit.; lioriz(.1iitl, I S4 and 9.8 chloride if)I djeh n)rd illuorotetIhiane are nion-
l wreentf downward, 1 .88 and 7.2 piercenit. TheC flaininabli' when mixedl with aiir In any pro-
tower I' milsb w('r determintred at 60' C. and the port ions (3627).
laigher limits at 700 C.

TI f MTHYL BROMEINDEI
T'e litnits ofnicot ine in air, with upwardniY ROIEI I

propagation11 of flamne in a I -ineh-dianineter All mixtures of inethyl bronfide' and air appear
nib, oen t he ippr edare: £weu-r, 7 to he inicapuble of ignition and propagation of

ojwn t-en hit tH) C)ipher, 4.0d Ie l '(7t flamie in a H empel pipette (;291) or in a tunbe 2
pereiutfatI 0.5~('.; hih(', 400 err'nt(at inches. in diamttier ef$Rý btil Itinxitires v- nt sin-
139.5 ('~ 178).ing 13.5 to 1 4.5 pertent were inflamed bv an

?MWVHYL CHL~ORIDE induct ion-coil spiark in a 2l,-liter bell jar (132).

METHYL CHLORIDE IN AMi MEWHL BROMIDE IN4 OXYGEN

The limits of methylI chloride in air, with The limits of miethyl bromide lin oxygen, with
upward propagation ol flarne ir a glass tube. 2 upwardl propagation o(.f flarne in a 2-inch-di ame-

93t'3ne' 52 -5
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ter tube, open at its lower end, are 14 and 19 METHYLENE CHLORIDE IN OTHER ATMOSPHERES
percent (284). Atmospheres of Composition Between Air

Mg1HYLENE CHLORIDE and Pure Oxygen.-Oxygen-air mixtures con-
taining upward of about 25 percent of oxygen

METHYLENE CHLORIDE IN AIR can form flammable mixtures with mrthylene
of methylene chloride and air were chloride. Data showing the composition of all

Mixtures i flmed chloride apaity, flammable mixtures, obtained as stated in the
not inflamed in a bomb of 1,200 f h c. capacity, previous paragraph but with suitable tempera-but in a box 2 feet wide, 2 feet high, and 5 feet tures to control the amount of vapor for the

8 inches long, weak flame propagation was tigesiocnt
reporte I in some tests (256). In an open tube igr experi nts, are reproduced in
2 inches in diameter and 6 feet in length, with figure 53 (157).
upward propagation ef flame and ignition either
by spark orby alcohcl flame, no mixture of CHLOROFORM
methylene chloride and air would propagate
flame (157). No mixture of chloroform and oxygen or

nitrous oxide, or of all three together, is capable
ETHYLENE CHLORIDE IN OXYGEN of propagating flame downward in a small

The lower limit of methylene chloride in burette (206).

oxygen, with upward propagation of flame in
a 2-inch-diameter tube, open at the lower end, DICHLORODIFLUOROMETHANE AND
is 15.5 percent. The higher limit, with upward TRICHLOROFLUOROMETHANE
propagation in a 1-inch-d-ameter tube, open
at the upper end, at 29.1* C., is 66.4 percent These sub tances formed no flammable mix-
(157). tures with air, even tt 100' C. (256).

100 1 11 1 = Ipfppg-I Iz~
90 'n 100 - (oxygen + methyene chloride

rt~~~~ ~ ~ 60 Imos ixue

50 r7---......

~640-- Flmal W as h~sser~~e3"0 -- ' .0I 0

30 0 r 40 5 6

10- 1
0 10 20 30 40 50 o 7 o g

METHYLENE CHLORIDE PERCENT
Finu 53,--Flanitalility of Methylene Chloride-Oxygen-Nitroger. Mixturea.
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ETHYL CHLORIDE ETYENE DICHLORIDE
ETHYL CHLORIDE IN AIR ETHYLENE DICHLORIDE IN AIR

The limits of ethyl chloride in air, with up- The lower limit of ethylene dichloride in air,
ward propagation of flame in a glass tube 2 with upward propagation of flame in a tube
inches in diameter, open at the firing end, were 2 inches in diameter and 4 feet in length, open
4.25 and 14.35 percent (ignition by flame) and at the firing end, is 6.2 percent at room temper-
3.85 and 15.40 percent (ignition by spark) attire and 5.8 at 1000 C. The higher, limit is
(13,, 138). When an induction-coil spark was 15.9 percent at 1000 C. (145).
used in a 2y 2-liter bell jar the limits were 4.00 The limits with horizontal propagation of
and 14.80 percent (182). The lower limit with flame in a closed tube 4.5 cm. in diameter and
downward propagation in a tube 2 inches in 75 cm. in length are 6.2 and 16.0 percent (*84),
diameter anti 2 feet in length, both ends being and, with downward propagation of flame in a
partly open during inflammation, is 3.95 percent tube 1.6 cm. in diameter and 30 cm. in length,
(246). 6.7 and 12.4 percent (217).

The limits in an explosion pipette, with spark
ignition, were 3.6 and 11.2 percent. In a ETHYLENE DICHLORIDE IN OTHER ATMOSPHERES
eudiometer tube, with flame ignition, the limits Atmospheres of Air and Carbon Dioxide.-
were 6.4 and 11.2 percent. The direction of The limits of ethylene dichloride in mixtuires of
propagation of flame in these experiments is air and carbon dioxide, with upward propaga-
net stated (80). tion of flame in a 2-inch-diameter tube, open

The limits in a cylindrical bomb of 1.2 liters at its lower end, at 1000 C., are shown in
capacity are 3.7 and 12.0 percent. (256); in figure 54. Ethylene dichloride cannot form a
another of 7 liters capacity, with central igni- flammable mixture with air at 100' C. if 2.3 or
tion, they were a little below 5 percent and more volumes of carbon dioxide are present
somewhat above 15 percent (60). per unit volume of the dichloride or 1.02

ETHYL CHLORIDE IN OXYGEN pounds of carbon dioxide per pound of the
dichloride (145).The limits of ethyl chloride in oxygen, with Atmospheres of Air and Carbon Tetra-

upward propagation of flame in a 2-inch- chloride.-In a borizontal tube 4.5 cm. in di-
diameter tube, open at the lower end, are 4.0 atnMer and 75 cm. in length, ethylene dichloride
and 62 percent (234) and 4.05 and 67.2 percent is incapable of forming a niixture flamrwable
(163). with air if more than about 4.5 percent of

ETHYL CHLORIDE IN OTHER ATMOSPHERES carbon tetrachloride is present (V84).
Atmosphere of Nitrous Oxide.- The limits of DICHLOROTETRAFLUOROETHANE

ethy '0 chloride in nilrotis oxide, with upward
propagation of flame in a 2-ite'h-dianieter tube, This silstane was nonflammable when
open at the lower etad, are 2.10 ad i32.8 pwrcent mixed in finy proportions with air, even at
(161). 1000 c. (56i).

Atmospheres of Air and Dichlorodifluoro-
methane,--The limilts with downward propaga- VNY CHLORIDE
tion of fhime in a 1.6-cm-diameter tube are VINTL CHLORIDE !N AI
given in a diagram (i40). The limits of vinyl chloride in air, with

ETHYL BROMIDE upward propagation of flarie in a 2-inch-
diameter Ithbe, openf at its lower end, are 4.0

ETHYL BRCMIDE IN AIR and 21.7 percent (166).

All mit Itires of elhy It romnide and air appear R CHLORIDE IN OXY
to be inlcapable of igsiition and propagation of
flnnie in a titbe 2 inches in dianmeter. bit mix- The limits of vinyl chloride in oxygen, with
ttire', containing betwecn 6.75 and I 1.25 percent upward propagaiion of flame in a 2-inch-
etbhyl lromide were inflamed by at, Ind,.i-iiI dial er tube, open at its lower end, are 4.0)
coil spark in a 2t1 liter bell jar (132). In a and 71 percent ().
bomb of 1.2-liter capacilt Inc lower limit is 6.0
pereent (256). IHOROETHYLENE (AC

ETHYL BROMDE IN OXYGEN DICHLORIDE)

The limiit of ,,thyl broniade in oxygen, with DICHLOROETHYLKEN IN AIR
upwar, propagation of ilame in a 2-inch- The litnits% of dichlioroethyiene in air, with
diamet er tulw. open at its lower end, are 0.7 tipwarr pripagation of flame in a 2-inch.-
and 44 percent (234). diameter Itbe, opeli at io: lower end, are 9.7
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OXYGEN IN ORIGINAL ATMOSPHERE, PERCENT

- 2 _

S10 Flammable per s--

zP 

1Liii

0 10 1520
CARBON DIOXIDE IN ATMOSPHERE, PERCENT

h a;54.- -L~ilniI4 of Flaiunisb~iiit v of Ethlen Diclojhruide 'oAir atilt 'a~rlkm D~ioid~ie.

ajidf 12.8 p-renft ("I). lit it closed i¶ nl' 214 diameter Itils open atit the( upper end, rire-
inch"a in diamneter t lucy fire give'; Its 50;~ and IA)%%t' W.3)A perceelt (tit 2-5.5"j ('.i; highevr, t64.5
11.4 percent 166). pervent (p't 72' (.) (17-3).

DICHLOROETHYLMJ 1N OXYMD MhCHLOROETYLENE flN OTH"8 ATMOSPHURE
nilt iit f(('iro lie in ox~gii willi

upward prpiplgatioli of Home itii iIt 2-Mch-i Atmospheres of Compo.sition Between Air
dJiamet er tubie, open it( it 4 lower end, tire 1 0 and Pure Oxygen.-- ( )vizojei-im mixtlu~ures voil-
and 26 percent (234) ! olmlilig ujpwilrd of 33~ perveti of ox ygen can i

TRIC OROTHYEEf'oril rt larnniaible lnixtur- iiie~I i I he vilpor of
TRICHI.C)ETHYLENErni i loroethylejie. Thet hi:puii imiiut, however,

MhCIILOROEMHLIENE IN4 AIR be4 suilabllyl wti~rnile, for lbelow 25.5" ('. its-

Tfl('hloroetlhy~lviu vapoc joes niot form flarn- v,-; or pressure Is ltoo low tit I-IIIuhle It to forml
manble mlixtures with air at ordinarv tenlpter- finlthelInIixl in-e (a( atnosplueri- pr-Lsuirv)

Attires andi pressures (173.). with oxygen or %vith an.% mixix ure of air anid
OXVg II). I ,111111 showing tIhe comiii;isitIioil of aill

rIUCHiLORO!T$YLUE IN4 OXYGEN 11111*1lilulI)e nli I xnri-s. obtaItiuiitd tas Stttted li dith

The timit II. of " ihuot - I wi oxyvgen , prt v~iouIn paragruph , art! reprod uiced ill figu re
with upwilard pro~pagation of 1falam lit a I .ifch- 55i (1 73).
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TEMPERATURE OF TRICHLOROETHYLENE, C.
20 30 40~ 50 60 70 75

INitrogen =-1600 t oye trichloroethylene).

70+-f- - --1mpossible mixtures

,_60 -
NJ)

20

20 t

0 10 20 30 40 50 60 70
TRICHLOROETHYLENE, PERCENT

il nFI 5. I, rr~tii 55 of TrichlrwhIIr( 1-iv (h)~gte, anid Nilicenr Nfixt unp'.
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~ETHYENCOROHYDRIN BU TYL BROMIDE

T[he limits of o'tlileiiechloi'ohydriit in air, Tlhe linuits of n-Iiutyl lbromidit iii air, w.ithI
with1 upward propaigation of flanie' in a fill),e downward propagaitoi; of flanie in at t nbo 1.5
inclh in dliamueter and1( is inchies inl lenigth, open ciii dianiv ~iere, aro ';.2 and 5.6 per-cent (2?28).
at the top, at a temuperat ure suiflivient to
vaporize the substatice, are 4.84 and( 15,90 CIVOROBUT~EM
percenlt (138). T[he limIits of 2-cu lorol)uftII e-2 inl air, withI

PROPYLCHLORDE 0 tilpar p ropagatio n of I lain e int a2~-i nch-PROPY CMORDEdiantet er tube, ope"n at the lower enid, are 2.25

Ilue limits of n-propyl chlolride inl air, wjith ajid 9.25 percent (138).
ur-'wardl propagitioli of flarne in a cosed boind,, ISOCROTYL CHLORIDE
4 tinelie I , ditamete(r atl 11(1 Inchmels lit lengthI,
at a telixnpetiure suffic'ienit to valporize the Thle linits of isoerot yl chloride inl (a) air and
propyl chuorude, are 2.60 and 11.10 percent (bi) oxvgeli, withI upwardi propagation of flameo

(188).i in 2-iuh~uliditoneter tubel, open lit its lower
PROPYL BROMIDE e.11d1 are- (a) 4.2 unil 19 percelt, an~d (b) 4.2 and

66, ()wrceiit (M.;)
No mixture of propyl bromide aind air could wI In itilt. of isocrotvl cliloride in air- are,

propagate flame dowi'.Aard in a burette 16 to : .uiil l 111out double those of it', isomeir,
17 min. in (jianiter (1,9)). chioo! iutitne. Stuall differences between the

limiits of i~iit~are not tiiistiml, butl such a
PROPYLENE DICHLORIDE large diffterence is unique.

The lower . inut of propylene uldiclorote il ISOCROrTY BROMIDE
air, with upward propagatio it of flnivi in a
closed t nlx' 4 inches lil (ianleter and 3-S iinhts 'I'lie linliitý of .ovot0 biromide inl (at) air
ii. lengilt Itis :i." pe~rcent. Thel( higheri limit,. and (h) oxgn .gi1,w;i I upwardl jwrpagttt lonl of
with upward propagtiIotil lin it tbe 2.5 1 w''ltes flaeintu al 2-tn' Iianwtvr itube, open tit it-

Iiidianieter and Ilinchue ill lengmh Ii. open at he lower1 e'iid, alre (a) t; I and 12 percenttliat(d (h)
top? is I4 .5 pe retI Iit at ltt l'" C. (16611. 61.4 aiid 50t perceilt (";.M

ALLYL CHLORIDE; ALLYL BROMIDE AMYL CHLORIDE

'The litiuit of oll~l ''florilde widitull ~ ubrolitlhid e Iliv iliiit of ii-ttiov.l chiloride, inl air. withI

in air. %%lilt uipwari fpr,,yw~rw]a o f thm Ili upward propagalit 4~ Valhiiii Ii it clI'st-d bondiu,

2-ul,.udiditinii~cr t'iw. 111wni at tite tiring eml, 4 icat i uiuit' Itd it)~ %iiii ~is ii 4 deuicu
are :i.2.s -md ItI fi I v!ilt, aniud 4.36 endiu 7.1 Witt vii m -ttiiv Iiuiittt ani~ l c s.~t i o a j ii ?ell 11-1.ie
ps-r'ent req)p*.tivelY ý138;. Tthe liii,1t of ten -ialNl 111110 ch111i.Illorid i ii

2-CHLIORc.PROPENE 'Aitlh uipai~lr propiungatmntt of 04111ii. ill 1 -it i
(ianI~M .1'r 111110, (Il;'1 i t( it%ý iilp. e 1111 a t it

''llh, linuii.; of 2-4ildoropropene (al) inl*Uui itirlwill a lsit I Iiivot itifI Irtui irun t4- doho du' I lite aitil

(kk lit oi'.gi.u %%lmilt lp" airi Propa~~iioi of'l ihlornle. are I. 7,1 aid 7 40t jiw eitt (/ix).

flaine Miti 2-li-whl-dnuistrior t usfs, o~winat tit s
hm~er .-nd. are- w, 4 5u itiml 16,0l ixrel aind CHLOROBENWZEK DICHLOR0BEIMM
(6) 4.5 aod 54 jwrvont Thr4) l'u itiuii of clhlt irbinuotiv. auid '-.hiciloro-

bueivit air, m.til uijaimord ptt~ztunof
BUTYL CHLORIDE fl.'. lin .~t ih, I mlic In, *ianlvic.r til'1 I

'[he lhmnit-; of tiorittal enid i54,obqtvl vhiloriuh ill 1'iit1l, oplnutt 1114~.~i ihu;i hill' l eý 14tin,11)[W411

in aSi?. W ith u %ti) s I mi rop: :titl1oll i laipul inl a lI1lv 14zi

C:054d houoi: 4 ivh,.ý in d ianett r und :TS mil]d ao tlpewi.aid2>aiI 1I.
in h'ngith at .it iualo sollit4iieii 14, "ml jorizu-I e~ &
the dihoril4'.-. ar-, I .K. and inoIt. vor iil andl~ lDflErfl SULFIDE

'[he limuiii of 1iollwlu Ji.;oride In nir, Aith Thle lioiltr. of ilhnivibvl sudlide, In air. w ithI
downvardj pmiipagiilwitu of Ilio. lii a blwvt 14It.') 16 l1Vai ' propagutio otit O lauioin t a 2-Iiich-

ar7n.!n in hnlinht-ter, axe 4.1 an~d 14.2 pwi-rcei iiiti. (tut -er tilla. opl-nitit thei lower etid, are 2.25
(I")i. Pfioj. and 1 9.7t .t Ir cmit. (W3).
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ETHYL MERCAPTAN METHYLCHLOROSMANES

The limits of ethyl mercaptan in air, with Lower limits, with upward propagation of
upward propagation of flame in a 2-inch- flame li a tub, 5.7 cm. in diameter and open
diameter tube, open at the lower end, are 2.80 at the lower ,id, are: Dimethyldichliorosilane,
an( 18.0 percent (155). 3.4 percent; methyltrichlorosilane, 7.6 percent.

The lower limit of one mixture of the two silanes

DIETHYL SELENIDE agreed with Le Chatelier's formula (4).

The lower limit of diethyl selenide in air, TI TET1AMETHYL; LEAD TETRAMETHYL
with downward propagation of flame in a tube The lower limits of tin tetramethyl and lead
5 cm. in diameter and 65 era. in length, was tetramethyl in air, with downward propagation
2.81 percent with the tube partly opened during of flame in a closed tube 5 cm. in diameter and
propagation (313) and 2.5 percent wiih d•i 65 cm. in lngth, were 1.90 and 1.80 percent,
tube closed (247). respectively (315).

II



PART IV. LIMTS OF MIXED FLAMMABLE GASES AND VAPORS

Part III has covered the linmits of fiaininabilit v Other observers obtained similar results in a.
of individual flaynmable gases and1 vapors In Burtv burette 19 inm. in dliamueter, with dlown.-
part IV the limits of mixtures of two or more ward propagation of flamne, using a mixture
flamniniable gases or vapons are given. The of equal volumies of iydlrog n and earlbon
chief question 1s thet- possibility' of using, Le monoxide (95, 270, 323). V

Chatelier's law of mixtures (p. 5)t to calculate The higher limit in air of a 50: 50) mixture
reliable figures for the various miixtures fromt of ht'ydrogen andI carbon monoxide, with upward
the ascertained figures for the individual comn- propagation of flamie in a tube 2 inches in
ponents. Thlis is (dealt with it indet ail in the dliamieter an1(1 .5) feet lin li'ngthIi open at the tiring,
following pa but it may b~e said here, that, end, was 71. p uercent, which is 0.7 percent less
in I -nra - -I fe Ia"- is fairly closely followed by than the calcu a1tetl value (64).
mixtures such as the commnon fuel gases, andi For both limits the differences between the
thept gross except ions are observed in muany observed figures anl t hos.e calculated froml
mixtures that contain bvtlrogen sulfide, carbon1 IX (8l~itelerS la1W Just exceed thet experimientaii
disulfide, or v'apors, such as et-her wihich may errors.
give rise to ''cool flamnes.'' Thc limits wit Ii downward propagat ion of

flameo in a tuibe 1.6 cmli. lint diamet er have lbevit
HYDROGEN AND CARBON MONOXIDE recordedl (.! 7ý).

Influence of Pressure.-The limitsA of a nfix-
HYDROGEN A~ND CARBON MON4OXIDE IN AIR t ore cont aining 5 ecILcrbnioo'n

The lower limits of various mixt ures of ean -146 to 47 percent It d rogen. in aiti, were
hydrogen andj carlbon monoxide in air, withI 10.4 tin 63 1ereento !t atniiwoplieri ! presstire

upward propagation of flaine In a vv-- 6 fet'tt adI md7 ecn tS' tmshms(U
high and 12 Inches squaire in section, open ait HYDROGEN AND CARBON MONOXIDE IN OTHER
the firing, end (64), w~ere iv; follows: ATMOSPHERES

Lower li,0 it of ftaiuninabiiihy bi a latrq" re~ssd Atmospheres of Composition Between Air
and Pur Oxygen. - rh'i. itunit s of ftituniatabiit

IýIirr 11tiho ;~rvrllt . of 81111Mos equal voot- oii lS f hyd ro-.eit an~l
Hydr oud carbon nitotaxitle lint inmosphlires of nit ro-.riii

iihwwit ('aklivt~ialM r'c andi oNxygen rongtiau fromn air to aikhiuiet pimn

1W 0 litox)ge~i Itavo lxn etiit-ruiiined with diuowaIm turd
P 4u~ 46? . projiagat ion lin a bureltt 11) minni. ill %%jilt11

20~ ~ TiIh04 4 o lowetr hinit ron4e slijztl~v front 12.4 per''mki
10 0 n W ofthe inI\t ore, in air tot 12.11 pereeti~n 'i\1ii

the higher limint rowe fromt 66.1 1wrcenti :in Air
to V~2 jm~rtett ini 98 pewrcent oxi .-V. 1,2).

In a smtall voszeic 4 niii lin diamieter aind 25- "Ill. Atm(.^pheres of Nitrous and Nitric Oxides.
in length. praeoinul'lyv withI downtiumrd proana I 1Th hiiiits of Iitim- r, of livilro-en and al ivrmni
gat ion of tluuicn the loweor limnilý ts ura s oiie ivivII nlit r'm 11\le itand in iiiitt iurc 4,!
follow.; (?3hi f" I.rouý and tijticn ~ae wit llu ditwmard priapo.-

Lour 1nilot f famiabily b # 9011rf rAI '1411 l of flimic iii a t.1-inim burct ii u.S ,arv
Losre lie if~of feinirii~,ilu~j if a laoi 1101 i~li rimin-tlar and tel rahaeulral fIigam.-t11..

b-.i, 111Ii. I.T - Atniosphtere of Chlorine, -niht. imitij, (i f ,j-r

I ,~ifr~' iC.,i'N ii ihlamrliii are, pl;)tteal in a trian-gular ali-Igralit

aj II 39t WATER GAS
1k4 4 4 Th ii.limit,; of %% tter kw; ini air, eACIIulated frolitt

-~lC"td ""I-O61 IA-11 i-ciiia j tht' Ul.ad of IA'
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Chatelier's formula for mixtures (p. 5), are in Lower iImitm of flammability of mixtures of
fair agreement with experimental results (867). hydro~gen and mnethazne

withI upward propagation of flame in a 3-inch- I I wer Ifinit, percent
dliameter t ube, open at its lower end, were 9 and Hydrogen IMethane i -
55 percent (5.5). Observed Calculated Difference

The limits of another sample of water gas, 100 4.1 42 -.
with downward propagation of flame in a small 9 0 4.11
tube, were, 11.9 and 65.4 percent (30). 1 0 4.I'

Still another sample had limits of 6.9 and 0 10 0 -
69.5 percent in a small bulb compared with 6.1 _ ...

and 65.4 percent, calculated by Le Chatelier's T
formula but. based on limilts of the hidividutl~ The higher limit of a mixture. of nearly equal
gases obtained in large apparatus. A carbu- volumes of hydrogen and methane in air with
reted water ga-; under simzillar conditions had upward propagation of flamen in a tube 2 inches

limis o 6. and37. pec(ýn (87).in ditameter and 5 feet in length, open at the
limis o 6. an :~77 prcet (67)firing end, was 22.6 percent (64), which is 0.1

The. limits of various samples of semi-water percent less than the calculated Ivalue based on
aS aind Mond gas have been determined iii a a corrected highcr-limit value (13.8 percent)
llinfte( bu~rette with both upN% ird anid downward for methane in the same ves.e.-,

propogatiton of flame. Analyst,,- and results The dlifferences between the observed values
are given InI the original papers (269), 270). and those calculated from Lc Chatelier's

law are just beyond the experimeiitai error in
HYDROGEN AND AMMONIA two instances. Ralther greater differences were

observed in closed tubes, 5 cm. in diameter
The limits of mixtures of hiydrogen and am- with upward and downward propagation of

nionin in air and in oix 'gen, with downward flame (357).
p~ropaga tion of flamne. hiave been dotermined in The approximate limits for mnixt ures of
stijitl tubes. Apparently the higher-limit mnix- hydrogen and methane have been determtined in
tuire* In oxv.g( it give resuilts in fair agreement a*5-liter bomb with central ignition (3471) And.
wVith IA' (104ia:.ierS IaW (2003). for mixtures of equal voluames onlY, in narrow

tubes 0.9 to 0.2 cm. in diameter (276).
HYDROGEN AND HYDROGEN SULFIDE Influence of Pressure.-Ttiv higher limits of

mixtutres of hydrogen and miethane have been
Bot h he lower atiit higher limitls of nuxturezi determined lip to About 50) atmiiosphieres pres-

of h ydroge:1 iia11 iYd~rogv'n suilfide Iin air diverge sure in narrow t 11)1'. The results are un-
w ni-i' fro IA~ '1k Chait-er's law If -iogo The dou ittedly lo..-. As those for (fthe two gases.

wthole, ni ii1e of mixt,11rvs. The limtit.; are ina- separately are low (51)1

iiiir diftinso thoe iiiifvidiil aird helie~ b lende HYDROGEN, CARBON MONOXIDE, AMI

olliftaiiI fitdI ; ci 'eff (116's a cma. I I diami'ter. rtr FlT' liniuits (it ini.Ntirt-A of hvi~yrogen, c'arltoii
plo ii eil figiir )I)5 for 6i ~tthi hinilts fii l 5 Iwith I)))- Monox ide, an ninmt-thate Iin air ivan lhe vals'uls I e
m"ianIal wil oww~triwsd ptnllgatIion of Itvib we tiw, ii a ccurately as those for nIii\tire% of anY I%,

cave alvnlateil frmal the law an, Alto' shiowni of these '.iiei~til'gi.es~

11It, results. lthat would ble tdbtainew if exp4'ri- HYDIROGEN, CARBON MONOXIDE, AND
111IS %ii i rier Q) c') (3,41 ti dtIhit tnitwlllwpltif.'i 1) rt{ETYLENE

4lou *tIi I'leiies unlikely tr huthe.wiclte tit)rze The~ limitii of mixiturtvs of htydrogen. carbon
Wec) t*iýrvevl auid il ~lat4A rt'suhisq woult; itt1Orioxid. and ti ftY~ele' 11) otll With doxi eiwiard

di-apwir.prop~agaittion o: flaint Il' lit tuto I i . ti I cati. Ill
diamnet er, have bee'n dcleteiiined (217),

HYDROGEN AND MMTU&N~E HYDROGEN, METHANE AND ETHANE

TheIm. vvr Iinxits etf vtiriwlwi mixiltire' of hydro.- The limlits of all ioixt ires of k-drwgeri.
geti fiuld filcu1le Il it ir. ' -Oh tyw)Alruf propAg-1 itietlanve. Andilelkcati' Iin air taill )-'e ealcidatefl
11004 oCf thudit'. 111:1 01 frl i z Ile ight fitl 1 1cl e with tkppr(Ixihiiate' A('CriF5('1. ))y n1iSDAl of Le

sq wie i~ ~ on ~ e~u ' f~howt: ('at e Itk.slw14)
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Fio~n. 6. at~t( f (timbh~of ~I~ir~iof It' ;rogeni anid Jti~j gl Stilfith, in kir

Atmospheme of Air and Nitrogen (Air De- HYDROGEN AND ETTHAnE
ficieivt in Oxygen).- 'Fl'it, Jinnts, of Kit mixturesI
of tlhes. threv4 constittueniIII inAir di-fjciant In HYDROGE ADI M40 1AKE IN4 OXYGEN
oxyge'n or of mixi ores of t 1w tb1r. Ui-,- vollt ii III Accordinig to ani old olwvi iiIl hiIighesr
with nit ropen in air (or Iit air di'fiviintl inl littit of it mtimitoe (if ce.1ial vodlume-, of llvdrv~iivl
oxygenI) van Imw eakvidateal Wdit apprimiimate an11 1e1t hane InI OXV;:en withI downwtird pirolvil.zaI-
sectirfic% f-*rn curve-A 'Irlen tin figures I aiud 2 t EiIn of flume In Ia e'ldimet er t nbt' 2 (-iii. tit

o: fmin abulate result (!.~6& (lietur. I, bet wevi 56' and 57 pervent(.i
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HYDRGENAND PENTANE 94.5 percent at 400 atmospheres. When 5
percent methane is added the limits are 83.7 and

Thie limnits for a mixture of 3i volumesi of 92.8 percent, respectively. No analysis of the
penatane an'd 2 volumes Of hydrogen tit air, contact gas is given (10).
.r. a horizontal glass tube 2.5 cm. in diameter The limits of the mixture .3H2-j-N2 in a
with the firing end open, are 2.4 and 8.7 per- 500-cc, flask wvith Central ignition are given as
cent (272). 6 andl 87 percent in air and 5 and 90 percent in

oxygen (8328). Thiese figures do not agree with
HYDROGEN AND ETHYLENE othier results on the flammability of mixtures of

HYDRGEN~ EY~~ N ~hydrogen, nitrogen, and oxygen. (See p. 20.)

The limits of the entire range of mixtures of HYDROGEN AND OTHER GASES OR VAPORS
hydlrogen and ethylene in air, with upwardl The limits of a series of binary mixtures of
and downwafd propagation of flame in closed hdoe n aiu ae n aoshv
tubes 5 cm. in diameter, were rather narrower bendtrie ihdwwr rpgto
than those calculated by Le Chatelier's law; oee fetameinatued 5wm.inh diwnameteropanda65icm
the differences were a few tenths of 1 percent in flm I atbc m i imtrad6 m
at the lower limits anti a few percent at the inlngth. The results for each pair of mixtures

highe limts (57).were of the same general type as those for mix-
hiher limits; (ih3 onwrpoagt)no tures of hydrogen and ethyl bromide, which

Th Imiswt o adpoaaino have been quoted onl page 22, where their
flamne in a tub~e 1.6 cm. in diameter have been significance is discussed.
(Ittermined (217). The gases and vapors used were ethyl bro-

HYDROGEN AND ETHYLENE IN OXYGEN mi(Ie (311); methyl iodlide, methylene bromide,
bromoforin, ethyl iodIide, and ethiylene bromide

The 1ini'ts of mixtures of hydrogen and (312j ; hydrogen selenidle and diethyl selenide
ethylene tit oxYgen have been determined in `313); (himethyl selcaide and dimiethlv telluride
smlI pail I (202) (1.; tin tetrarnetlivi and lead t'etramethyl

(815); ethyl alcohol, ether, acetone, benzene,
HYDtiOGEN AND ETHYfLENE IN OTHER ATMOSPHERES penItaite, cyclohexammte, mnethyl cyclohexane, and

a livdrocarbon mixture (816).
Atmospheres of Air and Carbon Dioxide.-- Front a study of the dewv point, density, and

The limiti,, of hydrogen and cei 'bylvne tin %-trious ranlge of flamlnia bilit v of Such mixtutres of hiydro-
inixtuires of air andi carbon dioxide havINe ls'en genl anti small quamntitles of other gase;s and
det ermined 16thI downwilrd p)ropatgat ionf of Vap its was counclude I thapt tinl let rartethiv
flamne in a) tiube 1 .6 cia1. in dianmet er (2171). is t he best suppressor of explosions for hydroge n

to be uised in balloons or airships, followed by'
HYDROGEN ANI) ACETYLENE (limet hyl selenide slnd et hyl bromide (8.17).

liow-ever, the only prod hica importance of
I .ower intit (iof mix tires of by~drogen and these experaiments seeims to be the proof that

wcet ylene inl iir ha -e beetn iltieriliuilnl wit ih none oft the ad dit ions Is effective in dest rov'it!
iupwt~rtl atni downward propagation of fliam" the flitnilma bil itY of hyVdro~genI When it I- u'
tin closed Ighk" t ues .5 anid 7.15 (,m. inl dianie': r. with Iitir; with Iit.C01 percent of lead tel rainethyl
With Itopwar propt aiga t on and tipl toaout 4.13 h1e ranig'of flamnima i ii ty is 9 to.54 pereent t'oiii-
pereemt1 tacI~e vif en iit thd w I ge-elln a r'il withi 9 ito 71 percen t for pure hydrogen.
in xt lire, the lower Iiinit s were ia rkei IIv greater Nb osive r, the pern aahiculitY yof 8 hbal loon fabric
than Illhose di:'ulalkcii; w-it i 43 to .56 perceent to IhI. explosion suppressors im not 'onisideredl.
are ci vlne thle lower li mit% suevreas."I sum ddenly.,
and therca ft er the limits almosmt coineided AMMONIA AND ETHYL BROMIDE
%,601 the caleula t ii i-allmet. Willh downward
pmripaiýa tion thbe lower hiiilk wer.'me conotrmteut ly The limi is of nix t trt-s of ammnonia and e-thyl
a little, greater lthan ithose calculated (357). bromlilde In 11iXt irIes of oxygen andi mnitgen

have been del em: med in very small tithes4. A
"AMMONIA CONTACT GAS" diaigrami in the original paper shows the lintii'g

for ammnonia and cih hti] rmide v-apor singirv
The higher limit in oxiv~emt of a miiixt art pre- iii(1 llixed: .me a.her gas propagat e, flamne down-

pared1 for the vommeorcitil q 'nt hesAis of aintumini ward when mInixed with air, but each will burn
i-4 92.2 pe-rcent at Ptnitospheriv preq-tiire and in oxygen ,20_.
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HYDROGEN SULFID)E AND MET1HANE Lower limits o~ftammability of carbon monoxide
and methane in air

Both the lower an(I higher limits of mixtures -- _________

of hydrogen sulfide and methane in air, with F;Carbon __7Loerimt,_eren
upward and downward propagation of flame Iin monioxide NMethane

Closed glass tubes 5 em. in diameter, deviate bevdClladIrften
widely from those calciflated. The lower limits- --------------
are markedly high. The higher limits, on the UK1 0 1210 '1 - 0.

other hand, 'are very high for mixtures rich in 75 2.5 6. -. I.
W .5 7.7 7.7 0hydrogen suilfide and low for other mixtures of 40 CIO 7.2 7!1 +
25 7.5 &4 6'5 -.

Ifle series, so that the curves (with both direc- 0 100 7.6
tions of propagation) for experimental and..........-.--~---__

cacuate fgresctars eaohr The higher limit, of a mixture of equal volumes
These curves are reproduced in figure 57 (357). of carbon monoxide and methane in air, with

upward propagation of flame in a tube 2 inches
HYDROGEN SULFIDE AND ACETYLENE in diameter and 5 feet in length, open at the

T~he lower limits of mfixtutres of hydrogen firing end, was 22,8 percent (64j), which is 0.4
sufie n aetlneinai av be11etr percent less thlan the calculated value based onSulfde nd a~tyefl illairhav bee deer- a corrected higher-limit value (13.8 percent) formilled with upward and downward propagation methiane, in the same vessel.

of flamne iii closed glass tubes 5 cm. ill diamneter. Experiments with downward propagation of
The Ieaxinilimn deviation from the calculated flame in a Ilempel piette showed fair agree-
limit was 0.3 pelrcent (857). ment, with thie cAlculated values for the lower

limits of mixtures of carbon monoxide andl
CARBON DISULFIDE AND VARIOUS GASES methane, but for the higher limits the observed

AND) VAPORS values were always low, sometimes as much as
10 percent (46).

Nelither lower nor higher limits, of m Ixtures Atmospheres of Nitrous Oxide.-The limits, of
of catrbon i distillitie %with etheur, blui/tnett' acetonle, mixtures of carbon monoxide and methane inl
1111(i acetltldetllvtde, with downward prtospaglt loll nitrouns oxide, with downward propagation of
oýf flamle inl clo,;ed t ubes 5) cmi. in diamevter and flame lin a 15-mmn. burette, have been plotted
15t) emi. in ien.-thi, agreedl with IA~ 'liiitelier's in a triangulair diagrain (339i).

lalw. It lilts been sugg-ested that (lt, propagra-
Iionl of flamle in Illixt tI res of carbon d i-silfh he find. CARBON MONOXIDE AND ETHYLENE

air inity be catalyINZed by s.olute prodhuct of its The( li mits of mnixtures of carbon monoxide
t-ttnlipistioui and thlat the cattillvtic effect 111tt; he adthIeiei iwt lwi~idpoaa

~I 1ibi ei t'l .by 4, ti ither b~il7'ne, twet." tin. Rii t t ion of dlante in a tube 1 .6 (-il. in diameter, have

.Uixturesl of etirion disultitit w Iith tthuv0
lromildt' diethtyl ,elenide tlt tt'trtanuthvll, leald CARBON MONOXIDE AND ACETYLENE
.etrainn il' t I v, pt'ntane. itnd a gasoline Iftn't ion 1ele iito itr oialigS

N~~~~~h bIlit1W at 9 1.(;' C. gi vt' a bnormiit reut'sulk '. 1Telhrlei fantx uecotiigX
lowe~r Ii .t in t is rais, 'ti I)-th f 1 irinAt SIM1u a l tft it jolt tr c aru 't'hti uiit)3mt moxie ln 1 t' percen I acet%*-

01 ii'~'stt~t~ius, lou dcrtasel lv lrg r lnIit hats bvvn I,' ,rin ii iet Ii a vesm~ej 4 'il. iI

amiounuts. lit' higher llnintiu oreti t finii raintllv tittittetein Antd 25 cmn. tii height. prestumablY
Aetue. kut iti lam ut. dtittivitsA of %otill (if thbe ul th klo'~ttfitil propagtiK1o-n of flame fronm anl

sAubstanvoes rati-A the higher limit to r '%jQ olpt'iiend. It wtis 9.1 1wreen't lit air, agn'eeiutg
The abtuormushtil efet of sniall qtantl it-ie of t-ofl with thet fiore ica ctltnate'I fromt thet limit .&

c.'riasin fillu 11aitrinible ll o thle bw t' iiiduvitlk' tllv iuttr the SAmle con~ftlit (222).
litiiit of carbon d-tliulfe hats already went this-
elus-seu (p). 29t.THANE AND~j HIGHER.PARAFF[N.

HYDROCARBONNS
CARBON MONOXIDE AND METHANE METAN AND jj~ ETHANE ~ MEHAEAN PRIOPANE

Tiltt' lower limit., of various tutixaures .of carbon W!'AKE AND BUTaWE~ AND ETHANE AND DUTANE
Int1t11"xidet and imet hane in ahir in a vv."4t' 6 feet IN AIR
high atid 12 inches s&quare lin sectiton, with Ihe lower limit,, of mnethIane-,t haute. mei httte-
ul~maril propaga tion of flame tit atmospheric p~rop)Ane, tact hant'-buiItaiN'. anui tt uthatm-buiuane
pri~mure (6,were ns foflowsu: nmixturrs in air, with upward pintpagttttn of
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flame in a tube 5 cm. in diameter and open at, in diameter agree with the limits calculated by
the firing end, agreed closely with the values Lo ('hatelicr's formula froin the limits of
calculated from Le Chatelier's law; the higher methane and pentane separptely (357). The
limits were slightly less than those calculated lower limit of a 50 : 50 mixture, with horizontal
(74). propagation of flame in a tube 2.5 cmi. in diam-

The regularity of the lower limits of 'such eter, open at. the firing end, was close to the
mixtures is discussed on page 115. calculated vahle (272).

The higher limits in the 5-cm. tube were
MEIHANE AND ETHANE IN MIXTURES OF AIR, usually less by a few tenths of 1 percent than

NITROGEN, AND CARBON DIOXIDE those calculated (3o57).

The limits of mixtures of methane and
ethane in mixtures of air, nitrogen, and carbon MIXED PARAFFIN HYDROCARBONS IN
dioxide can be calculated closely by the miethod GEN.,AL
given on pages 5 to 8, with the aid of figures The lower linits, mit not the higher limits,
1 and 2 (14$7). of the simpler p, raflin hydrocarbons and their

MET'HANE AND PINTAhKE IN AIR mixtures exhibit. an interesting andi useful
regularity (7.;); they are approximately a

Throughout the range of mixtures of methane function of the analvtical ratio (':A, (' being
and pentane the lower limits with upward or the contraction obser:ved on exploding the mix-
downward propagation of flame in a tube 5 cmr. twre with excess air and A the volume of carbon

S- - -- -

-4

_ +

•2 -o Pum bydrocarbouw
-4- ..- 4! x Methase ethan miztue

0 OtMer bi=a mixtuwms
•~~~~~ Na_ +_,__ -Mtural gas

. .. .6 1.5 2.0
C *A RATIO

Flmmru M-Vwuiat~on of Lowev Lmil. or Paruffim IydnrocartM)Las with C:A Ratio.
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dioxide produced. The lower limit Of any effect on th~e higher limit of natural gas is about
mixture of parofflii hydrocarbons can therefore the same (7/j).
be deduced wiliout exact knowledge of its . Further evidence that the limits of natural
composition; all that is required is a deterinina- gas may be calculated fairly accurately from
lion of the C'A ratio of the mixture arid refer.. the limits of its various constituents is provided
('lice to figure 58, the curve of which is drawn by data showing that be Chatelier's law is fol-
thiough experimental points. The broken part lowed when certain pairs of the constituents are
of the curve may be used to supply the lower taken together. (See the sections on methane-
limits of heavy paraffin hydrocarbons anid of ethane, methane-propane, methane- butane.,
their mixtures. methaiie-pen tane, and etbane-bu tanie mixtures,)

Recent figures for the higher hydrocarbons The limits of 22 samples of "natural gas." of
confirm the, curve, but figures for ethane and widlely varying compositions fromn many States,
propane tend to flatten it somewhat. have been calculatedl on the basis of analytical

figures expressing the flammable constituents as
NATURA GAS methane and ethanie only (154;).

Influence of Pressure.-In experiments in a
NATURAL GAS INAE closed tube 2 inchies in dliameter and 12 inches

The lower liatit of a natural gas in air. -with in length, with upware. propagation of flame
tipward propagation of flanim in af tube 7 feet in and with initial pressures from I to about 24
height, and 12 inches in dliamneter and withi the atmospheres, the lower limit of a natural gas
firing end, open, was 4.~1, IPercent, Theý mixtutre (analysi: Methane, 79.6; ethane, 19.2 percent)
contaitnifed about 2 percent water vapor. The remained nearly constant; the higher limit rose

perventat, vi~ onposition of the zijs wAIIS: fronti 14.0 to .37.5 percent (154). lIn an ex-
Methall, 874; thae, 68; ropae, j5; tension of these experiments, but with a tube

buitane. (1.8t; pentane, tracee; nitro-eit 3.2 i 15 inches long anid a natural gas giving by
oxvgea, 0. 1 ;a fitI carbon d ioXide, 0.0. Ifiejmi'j anal ,ysis methane around 85 percent and ethane

figue rpreent, fr (onvniecetheproor- aroundl 15 percent, the following figures may be
io ~of illf flie lnuiiliuble constituents of the~ read from plot tbd res alts (160):
lnz~tiral glis in) the lifijit illi.pitire Aith aii. If - - ~ -- - -

the niit rovuei an ii Ixv get were in.] id ii.l the 1!113 SIXIO IA i AW S.o AO
lýiiiit m ould be nieallvY 0.1 pervent. For prilp-~'~---
gitl Iioi of fiii tle up wardi from i('losed to ojwie vi lii o-d~ r~l 4S 4:4) 3 1 I3

in the 'zatml' tube~t, the, lower lintit was 4.74 pe-. fiti*!,r hifI,l- 14 2 (4 2 U2 W Wi 0 W

,e l (1#1u111lde colist it Itvi4It-i:.-
The limiits of t he siiiie naturail t-nis with lin ntirrow t Ils' (3 or 5 filnm. in dianieter)

np ward propigti:tton of tlonie ill o luln 2 iiwhsý wit It downward propaigat ion of flame,' t let higher
Ill diame11ter. optril lit the tuiIirg eu.11 verv netirhi Ilimit of it "naltiral int- bant,' (metpaine, S0.3;
okb le v(A Chiitvllers law~. For t1Ir fil-' te higher parallins. 11..1 pcri-vi-t 1 ro-we frain, 14.?5
limiits oif the- flmiaiitiiih part of lit-e at url ,,as pervent rniethane" at atinuiopheiet-4 prrsstire to
%eeti -I.SO and 13 .46 perv-Wu'. [he, lifigres cal- 39 pe~rcent at 12 atroiesplieres tiui -52 pert-ent at
ciii a ci fro in tie ca orrvsj iou1n ig I in ii ' for Ow-b 50 ttnimospfheri-e5(8!
iliifividlinii ('onlt olvieits w1,1111t1,iiiti.214 auind At prtessures la-low. AtIlosplienev inl a closd
14.112~ pervei. : ct iiaie 3.22 arid 12.4.5 peri-elt ; ttia '2 Iinchles in d~uivi-eter ad I) feet inl lengthi.
prc'patie 2.37 twiil 9.50 pen-f~il; tii d btiitatir I .f; Wit hi upward pr jl~olt of 1141m1. the' hniit ;
111141 ^.41I pervelit wen, 4.x) atwil 1:3.;:! peret-ict. re**in' neIl 'iiii-.tutit ag the 11 ial pres--sure
l'f~it, twmer lifii t is tno(IaJ~-' i I d tre144 e by wit,- red uced from atmn osphe'ric 14 to a it: 2001
thle nit -ingon in the( lfit'tt-Al ga.:. I'm, the~ hith1er mml. At lower rprv-sliitv-e the. himit vni-umu-i
hootii .is teii~rapai-i fig. 20i. sliowtling Owii Intdiinee sridl pflhtigalli on wasi lict obtaiiteil l)elow
oif flitt'ug.-on oi lth- Iliits of leiltfiatie in air). 4 fSialu. fl-30
An (eýlt mo"tt of liet ililuel'oe (if nlitril ftsill 0nI1)4, Influence or Turbulence Caused by Fans or
bIghiv'i limlit maIY lie1 maule thus: If 01.4 piwi-cut by the Detaration of Explouivcse. - -- h'xpivrim'nts
ret u-ogsti IS do'itieted w-hiihi coi 1 ~ l-~ih r Ib hae IM-en mait8' Ot i-i-aite heliir #'be lower

o!pert-cut o-xvi'cr found it, thle nivitrtal gn~.) limiit of natural gas lii air is alTi'-t-i'il by t urlbli-
there renilauiN 2.s ;wri-ent iwnt rigel. uhich1 is li-oat' sliel its thai prillilet-11I b fans, o'r ýo the
lunutigh to fil- MmIt III-.' wiA-1*1th nOW orldlf" ga. detoliation of i'xpleiuesf- T. . lhe'u of
A- thi ii-aailitint is ;)nwt-~it milit the 13 7 hle-rien~t uIloi'snmei'esitated v~exi'tni-nts, (in a rather

hvlou-driwnrumis ill the whIole limit. nm~ir''e. it 'large scalie. dherefore- a 20.foot i' -Ilon of a
rIepri-54tirtq tilooit 01.4 pi-ri-lil "additionatl witro- IWM-fotwd stA-el tub'' till feetl in diametker w&,4 used
ge'- fint Ow origital 4"anmosphere. ' Figuire' 20 The t'xpi~lo-ivlz were fir-ed near one14 i'nu of the.
tdhows t hat t his deprosses fI In' igher limit of honzuuutal axvis (if t he nub". The tube had
methane aboutt 0.1 percent, and doubtlems its pepcr.-4ou-ertvd relief ientis along, the top, and
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the end opposite the source of ignition was closed slighitly at moderate speeds; at higher speeds
by a paper cover. The appearance of flamie at. int animation, apart from exp~losionl, could not
the various orifices enabled the extent of an be observed.
inflammation to he roughly~ judged The The( terni 'inflaxnniection'', ats used in the
observations were aided( by noting the effect preec~Jing paragraphs. appari-ntly coveredh the
of an experiment, on tufts of guncotton placed range af mnixtures caipablo of propagating 1Ilam1e
at various points in the tube. from fihe source of igrait ion for Zome distance

The results were conveniently classed as (1) upward, spreaiding inor, (or less laitterall;tb
explosiotts, when the p'iper cove-i. were blown term "explosion 7" was u-seil to designiate i.aioitarhi
out violently and flame appeared from the inflammnat ion ait suffricient spee-d to caulsv Iit,
vents; (2) inflamma tions, when it wa-is evident eirects descri bed. Thie redact ion of thie iniij
that some gas had been ignited, lut it no great. of explosion b~y the long tiaraits (if gulnpowderi
violence was observed; and (3) !kof11lgit Ionls. was duev to the greater burning induced ! y

A smnall electric igniter of black blasting them; a similar effect was prodaced by t urbu-
aowde gavea lowr Ihito exp~losion of about ience.

5.6 percent natural gas and a lower limit of The natural gas used ini these experiments
inflammation of about 4.6 percent. contained 87.8 percent miet hane, 6.9 percent

Blae'k blasting powder (50 or 200 grams), ethane, 2.6 p ercenlt propane. 0.8 percent butatne,
burning with a long flame, gave limits of 5.1 1.9 percent nlit rogeni. and uio oxygen or carbon
percent and less Ithan 4.7 percent. respectively, dioxide. The p( rcclioagcs of niat ural gats in the

A stra,;iglt nitroglycerin dYnamilte (50 'or limit mixtures refer Io "nitrogen-free'' gas (715).
200 gramt,) gave a low er limit of eAplosion of 5.6
percent; "inflammation" could not be observedl NATURAL GAS IN OTME ATMOSPHERES
with certainty at lower pwercentages onl account
of the violent effects of the detonatiot, on the Atmospheres of Air, Nitrogen, and Carbon
Paper cove'rs. Dioxide.--,kn extensiva' series of expe-riments in

Tujrbulence induced by a fan run at appropri- a 101)-cc. I lem1pel pipet)(te land in a shiort steel
ate speeds reduaced the limit of explosioai to 5.0 cvhin~ler of 2.8-iit er capacity has been mnadt-
percent. The imunitt of itna titswa realuced widt Ione sunaple of lnat rtal gas (Pittsbumrgid)

20 +

Z 16 -4 32- ..... _4

NATURAL() IA ta.EN
a ()~ Mau t 'uilaiiI iau:ai~sj~ \aiaual (&4. ur \urug-'. Ia~iur~'.OW tab).nd ~;-su
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and atmospheres that contained oxygeni, nitro- mahle when mixed with methane, set pp. 51 to
gen, and carbon dioxide. The( composition of .54.
tile mixtures tested, including the natural gas,
raniged from 19.9 to 14 pervent oxygen arid NETHANE AND VARIOUS VAPORS
from 0 to 61 percent carbon dioxide. The Th eplt ragsoJamabiy f
results Pre plotted inl comprehensive curves eThae aomplthe rapo.s of vlaiiouasbsltancof
in the original pap~er ('74) Il ehac bend (ltrninv vaprs iof Vaious SubsinaircetsI

The limits of any sainple of ita t uaral gas downav eridetpropgaione of fnianidie ill airrowt
containing nietlijne, et bane, propane, butanle. onadpoaain ffat nnro

niroen anli i ioiecnb vhli( bcý. These substances are: IsobuivIechloride,nitroen, ad calwit Iioxil(, -at) e vacultied pIpv bromide, etiiidd,-11ulftirv chloride.writh reasonable accurei~vy fromt the linlits ofetliod.
til iniviua coninst~e olltiuteitsin Sil icon tet rachloride'andl silieocliloroform (1951),

atmosphlervs of d ifferen t oxygen and virbon alit I istianivl biomideI (196).
dioxide content (14.~.The'experilticats Were Atmosphtere of Oxygmi-Repres.nt ative se-
made in it tuble 2 'iWnifie ili dianeer )rid 6~ feet ritz of experiment,; onl the limits Gf mixtures of

w11ithhl upwar meh.ethlrd in oxYgenl have
in length, Wih pwrdprpationii11 of flante neallnthlhord
at atiniesphiýric pressuire b)een mladel at presz.uios from 600 mtm. dcewn

Atmnosp heres of Air and Nitrogen Lt Elevated to tile point of coinvidenice of the limits (89).
PrMs.ures.--The Ililniits of it natuarail gais (e i
ec, S5 percent ; vtlfane. 1 .6 perceint ) in air- BUTANE AND ETHYL CHLORIDE
nit rogeri mixtures ait !ilevaitedi pni~re5il' hiave The linii-t' of nmixt ures, of b~utane h~nd ethyrl
well devterminled, %ith upward' pitpiuagtioli of hoiei n ~i i~oi ' r ~b~gtino

(lame ~ ~ ~ ~ ~ ~ ~ 1 inantttandn 'a nIa lanie inl ait~ i daee t ubel.(ar given in
inlch .'s ill len gi . Th- resulIts arec si iininniarizvl cua (30)
In figat re .59. from whic InaVw ama ei scor la.i urvls(340
it leieter anyv 'zucli lalvxtuaia of kaioNn liat ii ad BENZIINE
gaHS and oxygen conilvitl i'-. flaiinainode ii! p Bl4 INAI

noa ~ ~ ~ t ordfewi iihr dilrtltn. aImnt the, The lower h'ni't of hvnzine ',n air with tapwanlr

foriin oib a o -. illI -iv( !t n~- flt aint ifoi ralin. ron 'opignte'i ( of flamev in, a (tilti 6.2 (Iin. in
fo itiv rvs>.!res. dIimwvi t own t alta't tillt fir-inz Pund. ivas 1.1 per-

~rH L ET\LEIJE '''a tattiint' orpialpaittiont floNlwnwrd
METHNE IND THYENEilli *t pip'.ih 1.91 inkl Inl ifiaiiin~r Wert.

Tb'huai' 'iif nliaxa un. fof im0-ti ,; 2 tu 4 an 4~.11 All the, benz.ine distilled
(11 t it A lka , llaIli wnd itu w i t It.... ( * C .. in 'int~a' !(eiiIts t
Ifathion of fillr ill i lk~ . If " A' 1 t ll c'-iul aittt~z::'.* li0 nas t iiei., 11 Secvond t ibsi.-!i- folnu't I IIIit

a''.''~ ~ ~ ~ ~ ~~ ' :tenf 'lJlx , t. 0 t I.,iitil $ pivit*'- for 1wiivint' 9 it~ii a oil[

METHANE AND ACETYLMN BENUfNE 1N COrHEJ ATMOSPHERE1S

Ta'lmit (if 4 nioui-4 ;t'~f m liatit, amd Atanosphtres of Coinpoition Between Air
IN Ill,"c %%1111 Ii imn idi ai at d a~ and Pure Oxygen. 'iT'he t ]mA uI htfi ( oit

pniait tm of 11i;1l111 'tt Ii'aiia d i Ifli ofl 1it~ -4,111 pot' l i la i on Ii,-,: w',~ t

I i n w u .iAax ulrýv-!lui t it-ll 1,10 dil 001114 Oftii' 1111it 111j,'~t. t IVtt. hih r iit (I~

gueater. Thtb1 t-calt-'I \ttba~it aa 1,a it i V Atmospheres of Air and Carbo?~n Tet~ra-
I Ili 4i) : 60) i Pv,i tRr-liili oiuai ire, for chloride.C n~i ito ns o 'I~n tin

~ thetihtg''~cml i~iltrhit' l iii %tlw 4, ii'avant titlimanie nIIIlSt ,,, adlded to Iii-'iiZii( In ordert'
rollaitiitrot viltl ?l Icriis lt fotr thle 111t1h11t t iut ilt'Vl li rlusilig froma the lattaaidi shiall
higher hindi317 bi'~ '' Iilpbt. o fttrwni~g a flainumiaable Muixturer

METHANE AND CERAIN HALOGENATED
HYDROCARBONS BENZINE ANT) BENZENE

For thbe loin ii of III ixl mres oIf miethm ili iialii Influence of PreSgurt!. 4 'trvss shaoi~inig the,
Cekritain lifthiget ti- limitedI doarboln4 whichi alt' iiitiiit'tit if prie-oiiie liqi to) t500 1ntllo'.Illiee oil
eitimer II1tnmmnnhh' st-pratui-I, or htt-out- liani- the himiml.; of v'. 60 : 40) rnixtire (if hutL'n/itila

Ik U41,,' 62
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(boiling rangr, WS-829) and beuzene in air highe limits front 5'.42 to 7,.Ss percent (~)
have been given (11), buti the nange of flaninia- Th'ie lower limits, by weiý'ht, of tie lmote-
bility seems imnpossibly %\ ide. volatiti. parts of it seties of emrakedl ai wlitra igit -

run Lntzsol inp.ý at,,ere i il !f Th 'lis is ex plained
GASOLIN (PETROL) by t I e 01 is' va t io that tilte limit is of -ba liinmle,

GASOLINE IN AIR f vpanti, a -f iUte, cycilohwo a e. antd belizenle
GASOINE N AMat.' equal, 57 fing. per lit er ,f air (36).

The ~ ~ ~ ~ ~ ~ ~ ~ ~ h Iitofteegsle.wihu ad 'lIt'ltitts of "aoime" oAiNe by the dis-
The m~sof hre gatihns, ithupwrd illa tionl of raw oils up1 to 1MVo, C. haebeell

propagit ion of flamie ihi a 2-imieh-d~metr tithe dmo-rtiined inii 2.,lit er bot tle. Tite oils miie
at approximately a .mosphierie pressu re. haive described as h-4't, I'eelelbronit, Ket tletnan
beet, determined (4) The gasoliwns had the Hii k Eqinta t't, 0m% am BMW IlStaF.~ re
following propertites: rIstilts are exprossed ill term,;s of cuibic Ceiu t-

- - - --- ~--- __________~- - - - meersof liquid pier liter of alirt. lttP (0'C., and

te ilti ' RI";'g vpn.5 r pw'- th ilt 1axitintiti ditler, liets wtere I I pereent iii
ty ti sun dji the low'.er !i-it 14 perente i in tho higher limit,

~.t - ~ Influence of Pres ure.-- At lirt'VS1rSkI- below

3 i Vil lt~inoheit e . in at closedI tubt1 e 2 in chies in
-- *- - - -. diameoter and t; feet in lenth wIII upi"ir

Tý,st of he tinimbilit of ixtue-, ere rtplptiat ion of ti.111te. tet Liii1its. of a grasolinle
T~'stsof th fhinni~iblit vof mitureswelt' on-'ta tie) i'.'1111nttiid iit'atly ('(nstant as the

made alternatively by aýpp-iutg- an altohtol itiitial plressure'wa redutcted fromi atliaospherie
flame at the open lower emd of thlit t ube, or tiy toii about 30t0t iini At lower pre;ssures, thei.
passing at spark just withintiltli Io~mer enld of th litlitii, it toiivetged. iind prtopa"' Ii lolltiXl~s ntt

tube without removing the' groutit-glass; covter- olt a itiet below 35 tinin. lprt-sutre (180). Iliita
plate. Wýhen thel latter protcedure w\as usted. tank of 1'25 cub~ic t'tet t'apaeity, tilt, limit ing
he niixt nre was orighitall at a retI e'uI tt'i r pn re s i t rt', at % ii 1"T no ii pa ga tioni of fla lit was.

lint the passage of latue raise the prtumsut to Whiitht't Iln 11tv tinixi urt of gaso44lne atitl air.
approximiately atmnospht'ri.-. The rent'sts oh- wa-,s about :, , 1111.) 1 .~
taitied by the two nicuiots \\vt, t nearlay the In atiothiet se'ries' of exjirinletits, "hit'h s4entm
Samle, as is showil by be folwing Qiuot'. to hoyt' !weti tents od the huit't'ltt t' of v-aitotsn

5iil4rat her than detetrtiintat tion, of limiits of
t.1nnwi. h hl~zwu-..h 1vi i. r~~ vio~t. ltinatlV i,'ii~it jlt wits not obitatined. in at

4.19~-ljtet* *plitricial ves-;.A. be~.lo It00 nun. (21!' ).
iinetlct UI it aiRn Tv ,aVtkwt Ai .I.

Sainpi.' lab ~~ .. A\ l.~w' litmit w~ it It t11miitl litvagi ita'l tof 'f lamuit'

I.1 I pecet tttiitat''tl wit It1 .15 perttent litt
t'ooti7I rtilt

3 7 4. 1 it.' 7ii t1 grtWý e t'riit 0V :b ltilt rtsnlts seemittiirt'-

hattlle llt'.lint~t ill ai Eindllol s4'nit'' of i'thellt
Thet WEittst in ir inav thictifor 1 pi' l Pit a ho I'ci ituit i ali4ot-1 litt 1104111i templeraitu~re' Wll.l

1.4 and, 7,6 pt'rvvettllut 1111 4-1 ttI'u 'll loo 16-11 201.
Other dltterntinai ions of ilthe litits of gameljine il 'Imt. ltA~ t limlit o f suttie French isa~n'i

vil'xir tn air lreilt'ts olmt'i s tilit ito Aim\ n\\itl ;dpiopitg'a Iion Alf 11ni10.' lit

~lhe linlits %with ntip tril proWPUNit iti Hof ati 2:lir biott vt. at11M tt 1411teiirt's fromi 100t) to
in u 2.S-ir glas' oar n erlI A&4. nmii 6.2 p=tl*l 250"' C.. ar 6t'vii' iii oittiiht -11 (1. 1261.
ga'~oinu. vaporw (by x ohttnn'). Telimt iiit, ii ith Expt'iinw.tilt init 4.19t-liter s~iha'ivrical't.
tOwtwatiln prpoptgiti i in a Ilonipel Piil'i tt' iii AI .tlli nt. ir,4-t' tzVe the Iltwst of atl
s!10 0..ec. capat'ttv u~cre I.155 and 5.25 p'retntl 87-laimu. go12"t'is . uu£I jttet i

with ti lard pr"paguitilo theitm oer limiit %'its )0' C.. 1.- andiiiu 7.1 percent'i Ht -165i..'
1.ý55 p~er.e .1 vlJi gailn 41 i It. hadt a spt,4cifliv Oilier rre'Ati1i-i'i re Irpo-'nr.~tuttin iii w trit-s (if
pravit v of 0,6,K) at 1.5, C . antI a IVAtiliitg ran11gi' (iigal (2-1.'t.
of 50' to 1 40' Q at 1 41 V t lt'n,.. an, 2.7 flte hlme.r liniiti¶ of at gtisohnto (i61istit n

pervetnt resitlue (41,q?. 4 t) V.5010~ 131t : I('.Iwtt t irlt-pg10
The limnits in it t'ylittulivitl bomib of! 1 2 liters (If Altlit~t ai citylindeltr 30.1; tmin. aldiame'ter aitth

('Aýi iict went 1.4 and (;.It lwii-rtit 39 vn tin, ill 'gth ven''tted at its upper end,~l rer

Trhelo~er limits of Ii\t'-4. P~tthnts ini a1 '.tuitil 1.07~ j'rveit tlit 21) C ., 0.94 at 11W) C., *!itl
testt tube' ranged fromt 1.24 to. 1 .64 percet ýlilt, t U.77 at '0tU)'' C ?l.



I~~~~~~f .) V~'U IA i~~.o~ :vv~~z cr--

GASOL1INE IN OTHER ATMOSPHERIES Atniosphercs of Air and (a) Trichioromono-
fluoromethe"1e. (b) Dichlorociifluoromethane,Atrnospherer of Air and Nitrogen (Air De- and (c) D:chloromonofluoromethane.--F'j~tir'

ficentin xygn).- -L'h liits~4 li br' gs- 60 also shows the re-idls (of qimihtr experiments
olins iltine abve (,ee w~oine ll Al-, Wit h these h reea t, 'enoVi-slibsi it tited nilethanles.
sn mh's1, , an 3) wih tiwarl popag I 011 Their ext Iliet ive effct s are conisi&rahlv areater

of fllinte inl a 2-1inch tab tlit t a pproxiiia tel 'N than those of nitrogeni and carbion diox'iule and
atmsphricpresur. re Iiel it( a inl 1 linxtulre of orasohitie vap~or, air, and any of

('lrve(A~in igue 6 .N laN 1areof asoue hemn which coit ailus less thani 17.2 pei-cent of
vapor, air. an~d iiitrogeii i- Ilananable if it oxygenf s- 1lam1mable (14 ').

I.,

4 4 T23_024 2 2 * 4
>NR D3I TOPEE ECN

4biar.- esta It e-n fov.a1I. Amshrso i n abnTta
Atopetso i zdCro Doie hoie atbe2i

3 0n~ i~~telmt f~slr. a~

Fare ; itc 6l0sho. th imits of t.%n~ihiui aporýtIli %itj in" \'rto A7 .in aicr. G th par ro

iii aall ilestlrs oiarwth.1 a . 14rv tait Aremospheres io of Ih n A ir~ a ndh inrbdnaTeterand
Atmophrent s of nitrg' And I .r ;wr Dioxiode.r chloridin.hes i lenth. iei a2 te o0.da

6ooit' tat~ o'~ shimý e'dws hilits taf va jcrlIpl~eitaesliceet -pritenpt

(ltermined its Ii ihi. fuel i.. rtio paagap .'ii1t:1c1.tad S~pc.en

ive ail ma iivs iaira oftl it rlxnoui di omoilitn aiona fnfluence oft OllieaIueinc--h' i dimtr andiit

tniffilnan i va arlwit nionitoxiile andi o\Yvg.'a' I ; I of three tYlivs of riajahthia lin air at varoius
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temperattures. with uipwardl propagation of T.%iii~t: 39. ----)I'oThr liniib of mir~ures of rydlo-
flanie in a steel cylinder 30.6 inclhes lit tiauiicta'r praaptmt md f/l M ,1 110 1 .1 p 1
and 39 efli. in lentihtl. vented tit Its tip~per eaid. ----

are given btelow (239): Cotuptx.atitkn. perv'nt by vIulume Ctmittitkon. litrxvcaa by Volumie

No. ,?,Cor- Etbylne Oxgr CY4 Ethylkne Oivgen

ej? 393 - 4 0 W Q !4 2I

V fasie ntt. --- 'CCN .... sC. . -k"C...C. ----- ---
L owe hnata - tte----- -- IV C- -------------- -- C

folka~tng temt'era
II------------: CYCLOPEOPANK AND ETHYLERE IN CTMD
3t).......o ..... .......... 01ePH R

1% --- ---... ...0,")r------- V. 77 '-m- .N. ATMOS HERE

3Z ----- lleftit ~m- retrrw l=- 'rhe- additionl of 10 pereelit of heliltirt to evelo-
O..............069----------- -t -rJiret~-~~"l Mixtures affects* the

------- --- inimutm o xv t&en content for flamie propaga-

NAPHTHA IN OTE ATMOSPHL91S tioll onil * slig-ftly- Siniilar!v. the addition of 10
perct'lit of IvldroýLvn had little effect (163). The

Atmospheres of Air and Carbon Tetrochior- addi ition of tnitroien. up to 20 percent. "i. of no
ide.&'e~ pIarti('Iilar ztdvaotag-e to reducing tlaiamability,ide.-Se p. 68.nor slti~sch ailditioin permnit zmixtures- 01 a

KEROSINE hi,-ier oxx-get emntent to be used in anesthesia

The limi ts of Leros'ine in air. with upwaral i 111.1lk~iiYi eurd 1,)

propaga tion of flamne iii a I tuIx I inch in diamecter DINMEHYL CYCLOPENTAN4E AND
artid 1S inches in length. openi at (the top and at IO M N
a temiperature sufficient to vap~orize the kero- S1 AN

sine are0.76and480 ercet ~IS).The lower limnit of a miixtur¶' of 43 percent
diniethivi c~ vilopettane and 57 p~ereent isohep-

PURfOI.EIM VA.PORS tanle. wtith dth4\it tintad propag'ation of flante in a
tulbe 5 riii. in ulionmeter at "S s.5cn. in length,

The limits of the' vaixim arij;iriz ft-.in a crudte open tut the firilil: end, is. 1. 12 poreeti! (4;0).
pet rolettrn (flash point -21' C.. boilling range
61l to 31i3' C.)1 were I.3 and 4.91 p-ruent with T'JRPEfl1NE

vessel. Above 5~ ,'. atir sat ut-ateal withI the' 1 ,~e ii ft"pitm nar cni
vapors was above the luglier I inuit of tiamima- tiowI,. not simeciliael. is, (.S 1percentt (101:
bWily (29.Influence of Temperature.- Thea lower limitsq

The limit s for the higher fracions oif piet ro- of turlirentitie ;dist llatIisnl rangn.I % to 1 97"
leknill ýt hat t". lDiesel oi l,) ie( ill a ralija' %Ip to C. ) 1%1111i ipl artl propagatitionl of 16111 mel to
abiolt 56 ing. pe~r liter even wheti t ha' oill il, cintiler 0tuG cmi. in dlituieter and 3((0) co.1l In
suspended( Ps a tine mist at orelinarv tvini- le'ngth. ietnta'd at its uppqer eina,.tare 0.69 lx'rl-ant
perat tilt-, (t ;,i. lit Ilk4)' C. itand 0.51 tit 21W4) (' 3

Atmosphefes of Air and Carbon Dioxidt.-
The additilon of carbion dio~xith'if, theo til nio..here COAL GAS AND COKE-OVEN GAS
narrowed thle hini its untatil t hey coina-idla'a at COAI GAS AND) COKE-OVEN GAS 1IN AIR
S'~ C-. 61 ix-re'nt carbon dlioxidet'a WAS -~sr
at 20~'.' 51 1perent; at 30', 44 percent; andt at The lowter linii!i of a 'I-r to~tgs' (h'4), with
4f0o, 37 percenit (?49). tipwaral prop)agation oaf flanie in a vesl6 feet

hi~i and 12 oinclia square in stin.open at the
CYCLOPROPANE AND ETHIYLENE tiring, end , was 5 ,:5 perreett. The figure ealcu.-

lated frlxiu All aallflYsis given bielow inl oe-tinjn-
CYCLOMUPANK AND LTHYLENE IN OXYGEN tioln% ith tile liMits (iuf (lth' intliVitdealt eost-ittu-

tints ouf the Inv; is 5,36 pertcena
Th ih' iu fn~trso -cor1~n' The higher limiti of a toall gas t64't. itith up-.

anid a'thyl~ena in oxviren, with tipwaftril pr.i)atioa- wardl Imppt-itiori 1f flatte in a ttla' -1 fme tin
lion o' flamet in a 2-inc-h-diamet-er tt uk', opoen hie'jit zii a I2in'ice's ill ilnitmiter. openi at the
at the lower end, are gi% ell in tabile 39 (10.). tiring end, %%tais 30.9 pwerent. Th'e calculAtedf
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figure ist 28.8 percent. unicorreetedl for inert con- Influenct- of Ternperature.-In a 35-cc, bulb,
stituents of tile gafs. with side ignit ion. the lower limit fell gradually

The limit, of cok-e-oven gas, with upwaird from 6.9 to 6.3 perc-ent, and the higher limit
propagation of flamie in at t;-em.-diamieter tulle. rose from 22.8 to 28.7 percent as the tempera-
loosely stopperft!. were 4.4 and 34.0 percent ture was increaised from 15' to 300& C. The
(Z91)). composition of the gas used is given under the

Th~e compositions of the town gais, coal gas. heading (Nv0i x~ls in O~xygen (297).
adcoke oven pas used inl the foregoing expeni- Influence of ',Impurities (Nitrogen and Carbon

nlents were given as follows, in percentagres: Dioxide).-Two curves, in figure 61 show the
______ -limtits of a coal gas polluted with nitrogen and

Townz&, oal-i, A n carbon dioxide, with downward p ropagat ion of
-. ~ 6 ~flamne in a Bunte burette. The abs-cissas

- --- --------- represent the composition of the gas in terms
Relle-l. ec ------- -i.2 - ---- of its calorific value (.30). These can readily

S'f -- - - - I tl2 be c n e t d t e tlla e co miposition, a-, therl&,Ww be7 cIvre toSvna~
Ciin rioolh 14 1 7 1 Allorific value of each inmixtre is proportional

46 f .A) 61 to its coal-ga-s content.

N tn"i---- 92 -ý COAL GAS IN OXYGI2I

smaler'~''ssls nd or the diectonsof in The limits of coal gas in oxygen in a 35--ce.
The ecodedhmit oftow an coa bub, ithsid e ignit ion. were 7.4 and 69.7

ýmale v,-4, lk fr ohe drec insofPropa- percent ( T7. 1he percentag ceoniposiiion
gation are, such as might he expccted fromi of the coul gas was: Ileavy hydrocarbons, 5.3;
nmtxtures contakining a largel proportieni of hYdro.- valo dioxide. 2.0: corbon' monoxide, 6.4;
gIen and dill'vrent aniount.~ of heavy hvdro- miethane. 3-I.5 hydrogen, 49.4: avid nitrogen,£

-?, M ), .$3, ii. x;, -41ý 2-i'l
2?70. 276, 2814, 497. 323, 367,. 36S). Thus,, for Influence of Temperature.-In the sam,, series
Ilthe lower limit the figurvs rangge fromt 5 pervent of exporimients it was found that, as the tempe~r-
for upward to 10 percent for dowitward t Opma-titire was raised to 3001 C.. the lower limit
gation : tie higher-limit figures range from I S.c) fell grahially to 6.9 perceent antI the higher
percent For downu an] to :31 pcrf-eot for up~wardl rfs o7 p.vit
propagation. Onf- higher limiit given is 53, I nfluence of Pressui-e.-The higher limit of a

perent: te c1I1 pOi t ol otI te is i ~ renh twngas iii oxyge -as 78.6 petrce-nt at

.it.''~slt' ci lir",s and 8W.1 percent at 43 toph1san !Increaefo SIt . jic nIi!;,"' owr h experiments were, pefrformed as descrilitd
limit of a coal gas it,, the diarm-tor of ulth epc undeitr C oal Cas in Air. A~t 74 atniospheries
mental lubt, was dItcreaedt~ froni 31) to to nun. prl-.ýMir- a mixtlure, of S9.6 percent gas anti 10.4
(;?i8). More re-cent expcrimet'its showedl that pelrcent , xygexu could not he exploded. I t wa,,
flame would still travel. apparently inotlfinitely. conludllled itiat mixtutres of town gas szti oxygen,
in a tunbc 3 nun. in diameter w~henr one of thie oir-s]inIiu t20aiosheR

-ot axl"v 2 a mm. i pr wid essutre, coild not exNplode if tO;ev contalined
ottravel ;n atube2nii in diamieter (2?76). lestiiat t0 porcent oxypen Nit that it would
Influence of Pressure.- -Trhe higher finuit of a 1w prudenit not to exceedi 5 or 6) percent oxygen.

l'rvtcnh to,%ni gas rosw rapidly with inoreasing More-over, suchi mixtures mumt lie coinupresse
l re-vture. .%t atmospheric prsuetile higher in such at way as to avoidl undue ri-sc in their
timit was 18.5. at 10 atmospheres 37.5, and at temiperar in,',which would widetn the linlti~s.
22 atmophen-51 .rt erent. Further increasewi ['ll to SWI C_. howev-er. the higher limit is not
urtssure had les fT-t, as at 514 at niosphieres, the apeiil itri '0 S)

rimit via-; 5t,5 pwnertnzt ga-;. The experimlents aprcatyleed;o21)
%t.r, mad14e with gras ,oniprtessed into' tubes of COAL GAS IN OTHKR ATMOSP-41ME
3- or .5-trim. diamoter. %,1it down-A ard prowpa-
gat ion of flamne, and rvaý,itut ame given for con- Atmomipheres of Compostition Betwc,-n Air
citiding that the resu;ilts u tifld be the ante 'itt and Pure Oxygen.- The limits of a synthetic il-

tider ous~l ~21V loever, ts siiar lutuninat ing 4-as in air In a liumits' butette were
expe'rinlienrs (,i1) gave low resuilts for hyivrogi'ti 9.7 and 25.1 ha'rclut : thevy rose to 9.9 an0 73.7
and for miet bane t ht'se riesults at-o an.rt'obaltll'v in it mixt urt of 943 perc-ent t'xvizen stid 4 prcrent
too low, Moreover, for t-puard prollagation' of rittrogeni i-iY Thet perr'n tart- votllposition
flame tlae re-sults would probablyv be luigli..r. o'f lie ur*, tsed %ias: C arlion dioxidev, 2.0: etvl
The observatiOws are of imporx~tance in relation ene. 3.5S carbon uitionoxid. 9.0)- metthane. 30.2:
to the use4 of compressed4 gamt8) h~vdtlrm'n. .11.0: and nitrolgen. 4.W)
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60- 
late, gas

Coal g q and water gas

20 -Coal gas and N2

I~~ I_____

CALORIFIC VALUE OF THE GAS. R T. U. PEZ CUBIC FOOT

Fwiortr 61 -- Liv its of Flammabituiulity of ('oa Gas NVtiti V.arious Admixtuores.

Atmospheres of Air and Nitrogen (Air De- of Wiater vapor is present the limiits; voinvide at
ficient in Oxygen) and Air and Carbon Di- abhout S.4 percent road gas (36iS).
oxide----From the dalta fi ligiiie 6, a1 tikuihiiji-he Atmospheres of Air and Methyl Bromide.-
mlay be 111114le of the 414111 )ono'i l~l of flthe at~o~- The tittliit ion of iucirvaSin''r ainouIit, ot nwttivl
plivtre whied, in mll itu1rette, is jus~t inca- bromide to tht., air causes the hlmits Of It 4eoal
pa Ibe of f.1-1n 11" 11 f ill mniail it h~ lixtire-A %%itll coall gats Voin posit ioll L ivi en iiit liv originali ) to IItIp-
gits. If the. air eoatlin ts less than I I.! pec-ill~t proach atad, ill ia 2-inchi-ilatneter tiohe. to mneet
u.~vgenl it ce 0nt it form i a flilnuitil e z'Ii x~iirt whlen i 1.0) percent of tlie( mnixtuore is iiiet Ii v
Wviith voa i ula s itf the .ixyvne coilet I,; ri-dit I eet I tin on it je For at eonmmelt, vo.oz(ipii ar Ifie
hv the a iti,4 t of ci, ri t n q i)X iqit,, thent whil e correspontdIing pa ralgrapht oti l!t I t'gi'ii (1). 22).5
thie itixttire votitaimis more thanl 31 1wpi-ce t %i-ar- The jiloit.; of could gas fin liixtior-i of aiir and
bor, dlioide, 4ii1d. coitseqitentlv. th.~ilan 14.4 luiethlv hrotniil.' have bieen callculatled. bY tile
percnt'i o~vgeti it vatnint foriti a 1ilamnialile)t nI''lhioi. givenl oil page 5. front tile hifiiits of
Ilinix lire xv itl (14*oal1 gats.*tt The-ic i-es tilt s are inl its ciii,011ponItrt S iin t III fl'Md itt m ixtures oif air
chloe a i~reei int em ith xI i toit it a ivIical figuires of andt I met itvI1ntiii m ie . The agre-elnivl entWitlIi tile
an otld l -irva t t~qi ~. lThe-we ('ittleisiiolS e~xperiment a! resti'i i-i gtood for lower linti1ts,
ma utvle fanir ref rI'..-wittat ifie oif 11 norm iii "on I not Ierati-elv so for H-Iigvr Ii n tit (3S)
Pis, butt they atii loa-wiui on tob-erxitj~olts of tIant-fe Atmospheres of Oxygen and Cartoon Di-
1 ntvehimng, kltiwittwiil lin it narrow but-ct teý III oxide.--Tlit'I lltti (Iof coal" gas in an ntuncq~.here
W0icer x.-elii s. t-erii't'iiliv v j I wt o tI t I, ii ('It'i icci rs ('(111110 o-l of 2 I ut'ren I ox ' gen a it I 79 pverent
flea r tlie loNt' r part of fltexcii ii Iixv t', e rhron d ioxit Ite. itt a :tS-wv Ibulb \% Itl) sldi' ignii-
figures Aiolitit doubt le-s lIN, st'voral pt'rvewi los,ý4 t ion. were 7. .fi nd 25.2 perenttt %t 30WO" C.

Atmospheres of Air and Water Vapor. 'I'l, 11the limfits xier" it).: and 18,2 pe'nctint. Tito
lintits oif niitri-arei of a tlv;"cal votid ga.; and uir comt ptiut ion of flthe gautsetid is give'n under tlte
stattlndiz vr a 'if) 4t 3.10-4.v. S---wiviit'l ves- hi'aliitg Conld (lia- inl Oxygten (29J17,
,44. amnd ignited nevar lek water surface, have
been (Itletrnitmned ait vat-iou-i, tiqmperat tires .1s COAL GAS AND METAKE
the ti-s rit tr tiore, ri-i'd'. and vi iit'qi i lv the Tbit lower hunt t s of in ix to es of i-ott I ns and
wati'r-\n apor conttivixt also, flit- boxer IIIII Inti .k' m,'ts ithili t-. witl 14ii oinxitt-ol ;IritIltgato ou ,If flamue,
siox" I'v aidtilt-li higher hiv~iI falls ritpelk. as ailtl It' tillv'idittvi'l from flit- limit.s of coat gas
witht ollier diluents. WThen about -42 pert-ent andi methane separ-ately (218).
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COAL. GAS AND WATER GAS MINE-FIRE GASES AND GASES FROM MINE

Fig,,irv Cu tshows the limits inl air of all mix EXPLOSIONS
tilt-e of at typical coal gas and at water gas, with Although nim.i-fire gases and at mospheres
dowMawaId' plropagation of Clame in aq Biuitte after vexplosions vary greatly ill olllposit ion
burette (3?06. The, abscissas ro'present the comn- their i'mits of flammnabilify may be calculated
posit ion of tillI gas in) termis of its calorific vailue, with 111proxiniat e a-cuL-acev by the met hod Igiven
The addition of walter glis to coal gas wideles oil page 5. Examples (183) are g veil in teble
the rangre of flammnability and con-se pielta1:. in- 40.
cr-eases the d.han~ct of anl explosionI. W~ith up.- If the atmospheres contain r iethtane and
wardl Jropllglit loll of llaile tlit( rang. would itiegiigibl)e qulanitit ies of hyvdro~gen wtid carbon
doitbtleýýs be wider at each limit bY sevew l m.o'noxide, approximate limits, call be obtainled
perceut. from ligute 22 (p. 47).

TABLE io.- - Tyupim1 ,ximples of mitiu'-fire atmosphere& in roal rnilws

('oil Ipoit ion of at tiosJpbcre, percent by vulii ze Limiit's of tiato ilnability

Sailiple No.
(co, o2 co( ('1, 11, N, 1~.io~r Htigher

13.8 2. 8 4. 3 3.,3 1 4.9 70.
1.6 7111.0 .2 0, 76.1 d2 10or. 0

3 - -. 5 174.4 0 1,2. 0 1 69. 5 49. 1 100.0
4 3 17.0 t).9 4. 0 '75. ('

I.,~ (m. 0 ' a4~ 3. 41. 3
5' [ 14 1.4 22. 3 (1 236910323.

AU.TOMOBIL.E EXHLAUST GAS propaglt ion a .id 43.9 andii 67.8 jpet'ent, with

The us.tltl adljustment of till i t~tomob~lile vari- The comtiositl ,o 411 tof 01cra!'es useil in the
htuetor gi~ es tin ait-Juel rti (inf ahoti 1*2.5:1 preltillrt. exporitutilts wa'it, In 'll li P1i1111:u's:
k. weight, atid Ilie exhiaulm is -AiotillatrIIzIheIIII
it, h oWeveix lie a ir1: uel !.hll ito red lved I'vI elwlm .fr,, (4
about 1 1.7:1 the exhaust is Ilaimkitliv. andi
there is dwiger of til explosion its xveli tis of
curbonl at onox iiie poltsoul in, m i en thle enig ltie
Ill "taill In po1),orly- Venltilaiteti plae. 'Thie 1i1111t4 1% w M' Ili;
of thla~itniablitv ;of the o.xlitumt ,Itis 11,y lie cal- ~-
etilated with appromirtuite vcItiilI-ae bv tiell, ''-~

tneth'xd given Oil page 5 (1') 1.0) 61

BLAST-FURNACE GAS PRODUCER GAS

'Ale lim11t6, of 1w o I 't pual 1 llzts I-fttit 11iet glise~s, 'Ihe( himils' of ptit-ht.ifgii in n ii t
with upward ;in~pigattiin of Ilame litit a lass hImnret t %ervt, 3-1).5 widl sI).l ;)er-etit \%-ill tIpI-
t ube 2 iliche', ill utllueter anwl 6 fvvt III~rlI. a a\Irtl pntIlgttl ion01 of Ihittit' 111 1111.1i atItI 76.15
oIpen ait tit, firing endweel.1 will' 30aTh2 perrtit' p1i111 %\ietitllt (tllowimaril prt'pi.aI ion (2'WO.
aind 3ý5 andl 73.5 percent. Tht,,, fil-res agiee I, lItitofalltrslltt'o t'stc-gs

al~~x~iatlywitl those caflcu~lated from~l th \%vr ?0-' ~.7 andl 7*3. lcititil iti am'iull Ittli com-
(11luatlttiesI $fll limits of the cotlporent gases pared -wIthi 20.2 and 71, , ptet-cil aetli 'ti i
by 0h m "ethod giveln ott p5(1)3. thel ittllinil giiVen ontl. ihil llia'o'dbi 6,44 o. Im.tils

The( limlits of a blast-fitrijact git. inl a closed of 1114, 11(-Ilhivtlitll ;asii lirrz.er tllplmlt-il is
litbe .3 i~ncht-s inl ditano'ter and sl'- invhie. Ili ki tA11pl saip.of Ill-. tniti 'at ololposi-
lenlgth, with 1ettta inition, ate 45 andl( 65 limi. le'oed till it terda th li ila pitil
petceiit (43,. Ini aitit1ite Imunie the Ilmit-. g`aveimla NhIIigii 19.I 119 Arid 4,2.5 ptcenat
were 35.,S and 71.9 iserient withI ulm~ard ~;
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The limits of at "throretical producer gas,"~~mlpo
with downward propagation of flamc in a Coalto Town Wate Semi Iucero

Bunte burette, were 39.8 and 69.6 percent gas (7) P(?

The compositions of the various samples Of Cabndoie 3.120 3642 4,1 .

producer gas tsdwee caboi .---- .- 4.4 .---
,:ihon t oxide. - 9.01 8.8 17. 6 I 40. 4 34. 2 29.A

- -- -Hydrogen..........417. 8 32.4 43. 4 43.0 34.4 10.0
R frne --------- (6 ) (5611) (161" 0) Mtethane ------- 27. 0 70 1861

Nitropen. ------- 7. '

Carbo~n dioxide.................2.8 6.2 6.0 Lowrrtnt ~. . 04I1. 16.0W1 3l
ONygen..............................-------er---- --- ---- 2& 0 1 ý. 0 30.3 '68. 70.5 74.0
H icdrmg ------------------ 4ý 6 12. 4 14 Ai .. __ .... _

Carbon oiono~tde...........30. 9 2"'. :3 ti. 34,9)
AMet hane.......................7 Trami
Nitrogen............6L.7 ~d4 S1.S (1. I COKE-OVEN GAS AND AMMONIA

The verv miarked differences, in tile lower The limilt- of somie itiixt tires of coke-oven gas
limis ae'prtlydueto he iffeencs '11 and anitionia were found to be nearly- in Ile-

lxeimtsrenpatly iehdue bt nail to tih lf~rn eS n cordlance with Le Chatelier's law; but the

varviton f hdro~nconentbeivt~li he mixtutre used as synthlesis gas for tile produce ion
Saripteon ohdrgncititbtente of IICN liad a SOniewIhlt. greater hligiher limit

samples.than the ctalculatedl figure (280).

PRODUCE~R GAS Di OTHER ATMOSPHERES ETHYLENE AND (1) ETHYLENE DICHLORIDE,

~~~~~ er j n... ¶r .Til (2) ETHYLENE DIBROMIDE, (3) n-BUTML
linits of mixtutre,; of productmcr gas (conliposit tollROV~
give'n lin previo'is table tiiiiler refeit~ilce 36'8) BRMD
and atir, str.,!:, over watIer ill it 3:-)O('. spher't 'Ihe( limnits, of thIese pairs- of mixtutres in air,
ical ves-;el P1nd igniite fiteair Ihe wilt r swrfacee, for downward projoagit ion of flanie in a tuabe
hart' heeti det erininied titt v*arious tvcinperature 's. ( ii 11m in diamleter, have been determined
As thie t empera t tire rises, a ad coiisvquvlien I the 2)
water-vapor contenut aliso, lie lower huinit rises
slowly aind the higher Iiiiiit falls rapidlY. SOME HYDROCARBONS: ETHER; ETHYL
Wien about 43 perectit of water vapor i' HOIEADBOID;EITY EE
presenit the liniits ('tiiifeitli't ttliott 27 pi'eititLRIEADBOMD;DETY EE
of producer gats tI8.NIDE; TIN TETRAMETHYL; LEJAD TETRA-

METHYL

illanti s oif tlie( following pairs of inist !res,

Thle limiits of a gas of unlspievified voinposit iolt, ill v:Irt'uiis pol~ortt1iofls, have lbetll deterlilitld
Ipi-rhlaps jil 11 ciifi oiniitfi'r whe lianaei as 6 with (Im lo~~ai proptigilati ofl (fl~aiiio in at t r~be
and DA~. pvrcezit (/.2th. 5) (.11i. wi': td- -d 6.5 qll. long: NMethilr! cia-

a 'salle amid c hr vI chl oni de -r246'); "[ hyt I o-

OILGASAN ACTYLNEIt ethlyl hiromaitle (246) ; hlYdrocarbol'' (iso-
'The( limit.t of a imt ixtire of 75 j't-viict oil gas hit'piIII4 hit'( ad iiihvll (yl hcopemlltalln) W110 diet livi

and 2.5 per-cent at-ce lviie i-i or, ohi-'i r~vv *j pr- svi Icaid e . also w i iillt i tel raieh t y I and 1(111
haps ill it eudioiiwter- tubev, kire givei ats 4 wdii etv rametityll (247); et hyl et her andil ci hit
15.5 percenit (1201. hroinilt' (246i): e; i hyl ether and mlethyli i~hidle

Q(1,); tit hiy ethier alid tinl teln r1%1tthx (:?47);
VARIOUS FUEL GASES Iut c nehriidla ltraItivi (24^,).

'Fhie re tilt, are, of thle get ai-ra I t vP shown) ill
Theliv jiiit:(iof ''cxplosi.mh'tmt ' v-(f vorfiot5 fuel figtire 4 (1). 1:1 .~tid wcrc interprotedl siniilark-.y

gflso's Inl fill %Vcrc dvelrmuaii-d iii at t nbc 4 t-il.
inl diaunite anditr 79.6 (-Ili. inl lr-iigih vnv riteed CYCLOIHA1EXW BENZENE; ETHYL ALCOHOL
beiiig periuimliewltY closed atid thiti othitr sealed
with a iliapliragma of vartii:ý;!wd plwtlr. ginit ion 'flit lower liimits4 of miyn irtc' of ev~iholexativ,
Was ot ailwd vr it (oil of trutmi wiref thalt was bet'izeac, nd oihi v alcohol (it, pairs or togettier-)
citised to) glow liv a 1(1 oI30ameecret agree (faily well with Le (hatehier's law sitt

Týhe results were tl(W): tolinpt-rat ar'es of 100t* to 2.5W (C. (;?/, 23).
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TOLUENE; ETHYL ALCOHOL; ETHYL BENIOLE, METHYL ALCOHOL; ETHYL AL-
ACETATE COHOL; BENZOLE,; ETHY ALCOHOL;

The, lower limitks of mt'ixtures of loluene, "ESSENCE TOUV1SME"

cflvIi alcohol, andi ethl',l 1acetate (in pairs or Curves A arid 11 in figure 62 show the lower
together), with Iipwivrd propagation of faiane limits of these mixtuires, res'pectively, with
i11 a1 loqed tube 10.2 cmi. iii diameter andl 96 downward propatgation of flame in a 2ý4liter
ciii. in length, agree fairly well with I he figures b)ottle ait various temperatures (366'). The ab-
calculated by Le Chatefier's law (13,9). scissas represent cubic centimeters of liquid

Influence of Temperature.--Under the same Vaporized per liter of gaseous mixture at the
coniditions, thle lower filimit of it mixt ure conitainl- temperatures of the experiments. From th~e
ing d9pr'n oree ecn ty ielo, (ensity of the liquid mixtures it would he possi-
and~ 55 percent ethyl acetate fell from 1 .76 per- blel to calculate the volumetric composition in
('ent tit 240 C. to 1.44 percent ait 2000 (13.9). the gaseous state. The curves for limits drawn

from t he calcula ted figures would be more ncarly
METHYL CYCLOHEXANE; ALCOHOL; ETHIR Vertical; !hat is, the lower limit would be less

aftected by change of temperature than the
The lower hiiaiits of mixtures of inethyl curves might, suggest, at first 3ighit. These

cyclohlexanle. ethyl alcohol, a nd ethy)l ethe;r, curves help to explain why it is m~ore difficult
inl Pairs nliid together, have b ee deýtermined to start a cold internal-comuto eniewe
wit Ii downward propag~at ion of flamec in a I nbv the fuel is mainly alcoholic ths!n whien it is
5 cm11. in lialnieter and 70 Vitt. in length. TIhe miainly a light hlydrocarboui ýiiixt~urv.
resulits agree with those calculated by Le T1he berizole used in the ab~ove experiments
Chat elier's law (319). (list illed between i8' and 1100 C. (86 percent

below 90'); $S7 percent was benzene, 'The es-
GASOLINE; ALCOHOLS; EETHE sence distilled between 580 and 1790 C.; 92.35

Seres f osvratins ithvilvi lcool- pon-eent was qaturated hyvdrocarbons anl(l the
Seres f oise~'it ins ithethl acoh~l remainder aromatic hyd'rocarbons.

gasolinie-air and ethlN alcohiol-gasoline-ether- 'lThe lower linmits of at mixture of benzene,
air mixtures iii a 2,300-ce. vessel at 500O and miethyl alcohol, and ethyl alcohol at 10003 to
¶100 C. shlowod fair agreenient, with Le 25 0 ' C., with (lo-waward propagation of flame
Chatelier's law. The results, expressed in ina2k.-literboteagedwhtelitsc-
cubic cent inict ers of liquid vaporized in 1,000 in at( .~ btLe, Cagreled' a withi the limtsral
cc. of air, are prehbably too high t hiroug~hout cent (21),
as the result for purt, a~cohol was undouiT)tv,1'yl~ The lower limits (expressed as cubic ceniti-
toe nigh (2o). met ers of liquid we-aporated in too liters of the

InI the same apparatus1 thne hiiiit 5 of i501ropyl oe:t~ i I various F'rench gasolines andh rnix-

0114lcolno l-'aw in iii3 Iii' "), ~ t ures, with dow4nward propagation of fiane inl
(lati'lir'slaw 1).a V24it er Iot the (21), are given in table 41.

BE~ZZENE AND TOLUENE tVUMMY ALCOHOL AND ETHYL ALCOHOL

Thel( lower an haI iighier I un its of miiixtIu res of Lwer are h.Iiilvicr'ii.. its of inix t ures of mnethyl
I",zen antVIv l t olut~iei iii air init closed nbIIc and( et livi alcohol inair, with downward propa

SIa.In diamleter and 1,50 (.ra, ill Ivengit, with gatien o)f flamle in at 2-liter cylinder ait 750 C.,
upward( , loionont alI, and dow n ward pro paga tiorn oagowdi w iih thle voiluvs v cul c :Ain b Le Chat e-
o 1111 fbi-te.arce( Ilosel v with in le v'alitis ('IIl- 1 ivr's fornmiula (230); however, al t I I.' valuiies are,
cdii lcd I;Y 1,, Clinteliers fomlawba lly too high. Anot her observer (81

forulalo~uiui diat thre lower limiit,, of a 50:50 mIixtuIrV
BENZENE AND ETHYL, ALCOHOL of IlieV I%_ we akojhols were,, 0.7 to 0.3 less than

lthose calulauiitedi m~er the range 0 sto '?50o C.
'h'hie h mr liniit'. of ianixtulres of beimene ii'"similar coillitions.

iirini et hi 'I- alcohol in air, with i upward propaga- Influence oV Water.-Thlia lower linnit! of mix-
tion1 of flame inI a I ~iln) .5 ('iii. iii diliarcter and tures of waterarnti flie two andiols'iil iise, steadi~ly~
156 ý,m. it! length., openl at fihe firing cmi, as the quoitntiti' of watcr increasesV` from t) to 60
dceviiit esom iewhiat from thle vii mie calci'u late iI Y percent I,y wevight , bu util Ile quain tityv of tIII"
IA' (1 ntei' ir's formulna In(16'4). miiixed n1(icol. d is vrp rxIm e vconkstant in d".

Influence of Temnperature.-~- -The lower limrit s limit nmnixt nre. With so~t percent of water' it was
of mit'r~of hviizene and e.1hyl alcohoil agree difficult to inflauire all ' vmixt ure of t i' va porized
faily-) well wit IA, Ce(hatchler's law sit tcriper'8- liquid andod tir t i050 C_ '..111 with S5 tivreenlt
turps from 10W to 2,-,,)c C. (21, 2.3). iuifniiiinIIt loll w~is virtul .lv iiuijxssibde ',3o).
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'[ARIII 41.-Lower jimity, of rariwu.,ý h'rwct qruonne.ý and minxtusres

Aviation Gsaoline 11, 'Touirisme' gasol ine1
G~asoline and hcnzole mkixtIureq gasoline, 7,5 ;

etyaeIahohol,
ethy1-ts s2o "Amir"

Tempers- ___ ________--

tue 0 . Proportions ... 80:- 20 60 : 40 40 :60 --------

d"0. 750 0.779: 0. 806 0. 725 0. 7381 0. 741 0. 7 5

Octanieno ---- 73, 82 93 80o 9 1 78. 51 s

100 - - - - -- - - - - - - - 4 35.5 3 95 4 5 4 5 .1. .54
1.50---------------------------jI 3.5 .4 . 5 38 .1 3. 70 3. 80
200---------------------------3. Of) 2.9ý51 2. 75 3. 15 3..5 0 3. 00 3.T1,
2,50- ---------- ------------ 2. 55k 2. 40 1 2. 25 2. 55 2. 7;- 2.5 2.5 5

30071 W T

200-'___

A 5 60 15

B 35 - 15 50 __ __ --
C -50 50 -

0 0.02 0,04 006 Oý01
LIQUID KER LITER OF (rASEOUS MIXTURE. XC

Fsovnx 62.-- I nfluecec of 'Imixwraiture oo LAvs,-'r ~imit:, (if Ce'rtain ijid IFaiirt 'k1$.
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Influence ofý Temperature.-Curvo C (fig. 62) closed 2-liter spherical flask with ignlition) in thle
shows lie iniffluence of tem11perature on the lower lower part, of the flask (76).
limit, of 1 mnixtulre of equal parts (presnira bly
by wegt f miethlv and othyl alcohols (366). ETHYL ALCOHOL AND ETHER; ACETON-E

Tiecurve, would be less steep if t'e results wereAN ET R
based onl ab)scissas representin~g (he volumetricAN ETE
complosition of the gas mixture. The Io~rer limits of ethyl alcohol-ether-air

. p1 eetone-etlier-air mixtulre- In closed tubes
METHYL ALCOHOL AND ETHER; METHYL "5ncm. in diameter and 150 cmn. in lengthi a-greed

ALCOHOL AND ACETONE; ETHYL ACE- well with the values calculatied L~v lep 'hiateli;,r's
TATE AND BENZEN; ACETAM.HLMIYE AnD formula wvith upward, horizontal, all(; down-

TOLUNE; THYLNiTRTE AD ETER ward~ propagation of flame'. The higher limits
agreed closely with downward propagation, but

The lower limits of methyl alcohol-eth(r, .iith upward or horizontal propagation they
methyvl alcohiol-acetone, ethlv acetat e-henzenp , differed greatly froin the calcuilat ed values;
acetah(leliyde-toluene, and 'ethyl nitrite-e 'ier th~ese differences are nscribed to thle irregular
mixtures in air were determined in closed tubes intervention of the ''cool flame'' of ether,
5 cmi. in dhiameter andl 150 cm. in length. The Details of the results are given in1 the original
results agreed closely -with Le Chatelier's law. references (819, 8,55, 361).
No figures are quoted in th~e original communi- Lairge-scale experiments have been made with
cation (355). a mixture of ethl-, alcohol and ether in the

For mixtures of methyl alcohol, acetone, and proportion of 1. 3 by wveight, vaporized into
ail the law has beenl shown to apply to higher air, andl into mixtures of air with c,-rhon dioxide,
as well as lower limits by experiments in a and with nitrogen. Th'le experimental vessel

Delayed combustion -

6 __ __iL - - -

Weak combustion

NO Combustion 7Z *ith inflammation

cobstiong -o us o

Weak combustion

-Aidehyt )usl'tutiri

0 8 1 43
CARBON D!OXIDE, PERCENT

kilctn11p 63). L'imil. iif FlAiilimitljijlV Ut 'Solvi-tit (i.tlcr: Ah'-,lhil - 3: ) ini M\ixtuir(, of -or aiir ('arl~oi i)iod'il.



128 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

Was a Section, 3.8 meters, inl length, at the end ETIM AND. ACETEADEHYDE
of it horizoe t a! t iiilar -;I eel g-all cry 20 B ic Ic r
inl lengthl 1111d I .6.ý metIrs ill diuiiet cix Vairiouis The( lower( limits of mtixtures of ether and
types of ignition mere enliploved, all ait the fleet aldelipde in air ini Cloz;ed tubiles 5) emt. in
center of the experimental Sect ion, One vild iliiiiiet er and I50 (cm1. in length showed good
Of t he se' tionl thle 'I~d of tlte gail erv ) was agree'. vii)1 eN wit t he v'iili es calet iiat ed bYv 1Le

cl~id e ineil ie hrwa lse'ya lift t liei'; formitila, with upward ajild down-
pap r. di aph rugi a. Thie 111ii t e of ail g-ilut jon war 01 popli gati on of tin iie; ak ltit( lihiighier
Wqs jind ied, bv the Sound i i ppei-ia n1ec ot II aikle. 1l ii .Wit i d owliw ili p1 plivi gu , onl. 'Ile
burstiuig and 'boiminig of thtw paper d1phI'lll5:ii1ui iigli~er limilts with tupward l ropaigationl are
prcssnre recorded onl V njinet and '.il- etuit'l !I.e thii -ths cileza1tvd. Both
Svdic (xodo that was. Sonmet imes devvi 1ped. etlhe i aid acet ldehyvlde giveo rise to "cool

Thle nature of thlt result ; ecorded a-len glIBI- 1ihauiies' ill thet richer uuuixtrnres, Iiind the lili,,Itr
Cotton Witsi~'l. use the 51WS)11- 0' Of li)i'VItIlu ' t11e Ijiniits iipo-IM I'lare those of tilt "'cool flamlles.'
vapor Iin miixtur~es of ti'r anid carbonl dioxidi 'is'lle propitga'ionl of thet "ceool 11:1e''1w,"k citliez
Showni in figure (13. 11,1,n n1I.rogen wA', INeti ( onstit uezit ,is no~t assisted by that ol the other
in place of carbon dioxdi'i. thet limit (-e' ve vast to the( extent thalt tin additive law would indicate
less steel) andi nIet the aixts ait aboutl 3S p&'.vv't"it()'
nitrogen. With otlier mleanis of ignitionl Jul-
minate. iniduct ion-coil spark, and fusion of at ACIET1ONE AND METHYL ETHYL KETONE
tuni1zsteui tilamijett the limits for Weak cm.s- Obsei'viit or,n with mixt ures of acetone and
ti0i :5 d itlered consid erabhiv from Ii ose in [itie

figu re. It Is evideint Jlilt' in spite of the large mlethyl ethylN- ketone in air in closed( tubes .5
V~j mesof ist ireuse, t ' lmit fors1'f- In. inl d ianiketer and I50 em. in lengthI showed

ptopagat ion of flamle were, not ob tainedl, doubt - (15'ugenetwt I aus'lnatd
fess4 because. tite local1 vflect 5 of tii e igni1t ens voui id Le ('hat elier's forimula for bot h limits, with
not be dlist inguishled, by ally livaibible lama ll, hiorizot. it and downwaril propagation (if tlame.
from ~'lf-propigaliung, inllaunnII'iation. I lowe\ ,r, Witl Ii upward propagati'on, thle low% ,I limits, were
as a i'it' enra.~ decm-iplt ion if t it(e ph enominail ,;lIigk1l higher than those calcnlatetlti thle

relatio t tIi'ex perim enital I'1( itihit' iv ig r limilit,; were Sev eral tent iis oif I perceni

rt-4stilt are of value 0 higher lthan 'hose cudeutlatvi ed355').
"Thei low'"r limiit of at I :2 mixtilre of e-thylv

al'ohicl end ethyl -t:tr it, w ith horizowatii i propt- PARAFEIN-HYDROCARBON HALIES
7atoti o01tf Ia Ie througholit a1 pij~viii'e abhout
10') mleters iii leungtl and 4,1 vin. III diunieter, Th'le limits of thle following mixt tires lm\u v been
is 43 graivis per cubic m;elk~ en 9) detcenuined in air lin ai 21 Yli ter hell jar, wiih

:Ivc trnc-s park i gnit ion: \ lethy cihlo iride andI
ALCOHOL, CHLOROFC)F4, AND ETHER tt hv %.eli I onale. met hvl chloride and il met lvt

b romiide, and met hlI V1 0111 ide and e01. 4-1 i l o-
Tleuiix rlire, of alcohlol. thlorofornt~. aild ridle. All nmixtuares of eatch pair ate- ealpalde of

"thlen ('olmimNioi used to indlice alnesthesila givest violeti expll-ioie whenl inix,'d With Ii propiiate
vapoes that form texplo-tvv miixtutres, with fn-imnilts of aiir. Thle obseive 'ttIimiits Aliflfer up-
suitable proportilois of )lii p6) u'eciahilv !u-or thlose calc"a~t ed by Le' ('hate-

ETHYL ALCOHOL AN4D FURFURAL Fe' o~u,
Thelowr o tw Il I SOME MIXE SOL VENTS FOR LACQUERS

'ru louer!'its f to ixtures (3 : andit
3) o embylab oiolHul fn fnnl i air wih nlht 42 gives lower i~mits,, in grams per

,upwairt plopagit ionl of Ifanile I in at tubet 5 m lit en, of miuxt tires of hvdrocarbonls, estven (active
diuamieter and 150 1.n11. ill hei't Iil, open lit th li ftni rocvIn"his solvelt'ns), anld alcohols. Th le
firing end. deviate somewhat bioni the' vaii hin its Were dtertImineii .,ithI upward propatga-
41-talai 'd I); JA, (jalteliens fornmula (V;.!* tioii of tlaimiui' iti closed tube 2.5 c'fl, in length

ETHYLALCOOL AD ACTONEand 2.-5 (,in in diamieter, Wilit central igntion

Th' lower lnuit oif a 4 viixt are of etý MICLAEUSMXUE CNANNaicohuol and acvetonle ill air, Witlli :pward rp SOLAEU MDTJSCNAIIG
gallion of flamie in a tube .5 em. lin ifianuintr and FLAMM4ABLE GASES
150 cm. inl length, i'peui at the4 firing enld,wa
rivarlyia III eie "9.,111 With thel 'sline calculated Tuiplde 43 includeq nkxutires not mentioned
oY I At Chatclii'r's furnimla (164). visewhik-re lit this bullet in anud cointaning vuriouus
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proportions of flammable eonmtituents. Their whether they can form flammahle mixtures
coIimposi1 onf are slated, together wilhi t i wevah iiir. and if so in what propor tions thl mix-
rstults of calculationls (p. 5) which show tures are flaunmable (137).

T :4..---('omj,.,'i;; aid Uniit.i od f niixd s:ohretit

S( olpO.itioil 1 2 3 4 5 3 7 8

n e50 6 20 ... 20- . ... .........
40 601 60 40 30 30

V. M. P. napl a ......... 30 -
lt h!l acctal v 50 30 15 1 .1 0 r. . .

BMAI,%l aectat _ 15 15 10 _
lnty l proi'nto _ 15 15 10 30 40
Ethvl aht h11 10 5 ---- - --
Biltly alekhol 51 I0 10 10 30

].owcr limit, wras 1-4-r litt.r 0. 070 0. 057 0. 071 0. Ots 0. 0,2 0. 0o2 0. 059 0. 077

ii'. m.: 43.--( i ;h.td..++ilI. tis Iinit,; rtf.Ps an ,nbdjit1 of ini.+n'l:i :;,'os 9a¢s .

Liinit' of
I 'o,n itioi l, I lretent tlarn iability,

TN I)erleI I

'o. ( .If, Of2 it, co ('ll, ('2ll, N3• Lower llig~her

.Sil &,as 1. 166 f. 3 1.0 0,2 0 ,2 0 7&7, (' (7
"2 (le 9k 01 5. 9 01 0 2 0 8t4. 3
] do 6. . 7 6i. 0 0 0 10, a 0 7) 0 4), 0 55. 0
4 Sio-;fat ,ral . ..g kt 0 2 5. 9 0 0 IS. -I 5, 0 62. 5 20. 0 39.0
S do... • 0 6N7 1 0 52. 5 12. 2 8.1 7.0 22.0
I ; ewaac a.. . ..... 25.I2 1 . II 0 6 7. S 0 4 9 7. 5 19. 0
7 J,1erIi tlettioll gai . vclhllolv 79. 1 0 0 6. 2 0 14. 7 0 0 26. 5 3U. 5
S Fcrt-ntiaitimi Ký, grail 6-'1. 4 0 0 32. ) 0 . 1 0 2. 0 la 0 6(. 0
9 Ga~s fromi heated iltuialiti I, 9 17, 4 0 2,,ý 5 2. 2 45. 3 3 4. 4 4..5 21.5

10 Il v-s froei Ilming wmt: G,4I 1 , 9. 4 0 &. 5 . 3 0 79. S l1 (1)
I1 tiq-i frum imrwivik palw'r 7 ; I. 2 7. 7 0 fk 2 0 0 77. 3 (11 (1
I S' t•Z+it -' rl gta,4 1 0 1 , 12 12. 2 7. . 4 11. S 2. 2 5,l 1. 0 66 .5
13 a-.'- from ,\hi,,TNTI" I6. 4 0 0 26. 9 -43. 2 . 2 0 13. 3 9. 5 72. 0
14 1 5 0 0 1), 4. 60,7 " 13 0 ,15. 6 0. 0 67. 0

N N• nflarlnmalh-..



PART V. SUMIMAY OF LIMIT OF FLAMMABIIT

T~ables 44 rind 45 contain selected4 values for lower himits, of the vapors of liquids could only
the limits of flitininabili ty of single gages and be determined by ratising thle temiperaturie
vapors and of sonic indi strial mIxturesi in air sufficientl 'v to raise the va-por pressure to tile
and in oxvtven at ordinary temiperatuttres and extent nlecessary to reach the lim1it com-Ipo.sition.1
ph-&ssures. Table 46 contains, selected limits Tlhue limit given, therefore, applies to the experi-
in nitrous end nitric oxides juiental temiperaitutre, which is quoted inl thle

Thle last two columins, oi tables, 44 andi 45 text if it is stated in tile original source of thle-
give the oxygen percentage, in mixtures of inforniiation.
flamimablc gas (or vapor) andi air with (a) Further information about tie limits of
nitrogen and (W carbon dioxide, below which gases aind vapors wvill be found int tile text, tile
no mixture is flammable. data aire not suitable for inclusion in thle tadl)les,

The values in boldface observed with upward but maii 'Y he useful if the conditions ul determiniia-
p ropagation of flame in large vessels, open at t heir tionl are kept inl mind.
lower ends, are chosen as those most useful for Information onl limits in other atniospheres
reasonsgiven earlier. Thieother figures represent and onl thle influence of pressuire andi temiperat-
experiments \vith mixtures, contained in cioseti tuire iand the effect of turbulence will also be
or small vessels; they are therefore not &upphi- found inl tile test.
cable with certainiy to conditions inwhich Tho limit figures; in tible 45) apply only to
normal pressure is maintained during thle
passage of flame. Reference to the text wuill particular samples; analytical data will he
define more exactly the ecrnditions of observa- found in tile text. B\ thle use of i~e Chatelier's

t~in.law tile limlits of -timilar miixtures can he
Many of thle higher limits, andi a few of thle calculated.

TABLE 44.--Summary of limiits .f faniamability of inifiriduaul qases and ivipors binair ami ini oxygeib

Limitsi in air, percent 1 Limits in oxygen, paerrent which no
mixture i,.
flanitnabla'

Gas or vapor - _____

L~ower Hfilher Hhe I.1USAA flaLo)Wer Ier d g'llieut lia
of airau

ofarof air

livdrog-,n --- - - 4.0 t40 75 75 ---- 4.0 94 5. 0 9~
Uieuteilnum - - _-. - 5 -. ' 75 - 5 95
Arnmoiia .- is 25 A 15 1¶T
Hydrazine- ~- 4.7 1~ Wo
Hydrogen imlfide - 4. 3 - 45Hydrogen eyanide . 6 41
('yazkogen..__.......... 6 - - 32
Carbon disulfide........ .... 1_ 44 so .

Carbon oxysxlfide . - 12 - 29
Ca&rbon rnow'~zde. . 12.5 74 M5 56 i
Chlorine mnwroxide-------------2& 5 1----100 -----

130
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TABLE 44.-Summary of lim its qf ftammabil'i Of indii-idual gasci and r~apors in air and in oxrygen-
CFo~inlued

Oxygen per-

limits in air, percent Limits in oxygen, percent whchna neow
mixture is

Gas or vapor-flmae
N\itrc,- Carbon
gen asi joxide

Lewer Higher Loiter Higher diluent as dilu-

II f~liCARONS__________________of air of ai

Methane ----- 5.3 (50) 14 15 5.1 ~---.---- 61 ---- 12. I 14.6
E hn ---------- - 3.0 12.5 15 3LO ---- - - --- 11.0 13.4

Propane -------------------- 2.2 9.5 X.3 ---- W --- 11.4 14.3
Butane -- -------- --------9 1.9 &S 1.58. 49 ---- 121. 14.5
Isobutan----------- 1.8 - -- &4 ---- 18 ---- 4 --- 20 1.
P'entane------------------1.5-----8 -I --- ---------48 12. 14.8
1.mpeii-a---------------1.4-- 7I8-------------12 14--- 4---

2-2 Diniethyl proqianie- 1 41-------I 4 7.5 -- - -- - - - - - -- - - - - - - - - - -- - - -
Hex.~ane - -- -1.2 - - -- 7.5 - - - - -- -- -- - - - - - -- 11. 9 14.5
DIl)it-thyl butane 1. -- - - - - 7. 0 - - - - - - - - - -
2.Mrih'! pmw nane.. ........ 1.2 1- i 7.0 -- - -- - - - - -- - -- -- - - -- -- - -
llepta 'e-- - - - - - - - - 1. 2 1 1. 1 6.7 -- - - -- - ---- ----- -- - -- - - -
2-3 1)Dimethyv peitane.- - -- - .I I- - 7 -- - -t -- --- - -- - - -- - -- - - -
Octane--- - - - - - - 1: I., - - - -, - - -- -- - - - - -- - - - - - -
Igo-ortavw . .06 --------- -------1160
Nonane -- --i- -- -- -

.nithyl pentane- --- . - -- 4.91 --- - -- --- -- ---- - - - - -

Te*an it --- -- - - -- -- -- - - - - -- -- -Dihh'e: ------lae. 7 -------------------------17 3 ---- -------.; 1.
DNr'pilene----------. 2. 1-. ------ 2...1 I 3. I . ~ 1
r>thylenle - . I------ iiI-------------26 .96

2.4 2 0 10I .3 11.. 5i -- - --- -- - 14.01
Buten.32--------------1.8- -7-.;------- --- - ----------

isbuylne1.6 j. 5.------------------------------------- 0
Butne-2iyeu 1.5 -A1 57 55 ----

buun.dnlele 2-- - 1.--------------------------1 13.1

Ac'eyleiie..L 6. (2.31 S1 - --- - -- - -
1.4 I7.1--------------- ----------- ---- 11.2 13.9

0 -Xvhene 1.0 6'0
'oun- - - - - - - - - . ---- --------

FthvI-- - -ell 1.0 1.1- - -- -

"Naphthalevo -----
('velopN-pante 24 I 6-li 13.9

Eth~l cykihuane1.2
Ethvl evelojwpt 1. 6.7
('ycelohiexafe -- - 1.3
hiethyl cycdobexane 1. 2

Cthy l vohczxan - .1- .

AI.COHOL'

%lethvI alcomhol-. 7.3 6. 38 6 1113 Is 5
Ethyt alcohol--------4.3 &33 19-
m-Pkopyl almhohl------------2, 1. ISS'

1D rp alcohol 2 0;----12
n-Iutylrohol- 1.4 11------ ----------

Arnil1 alcohol-------------. 1.2----------------------
Fimrturvi-1aleho - -------------- 1.8 1- l3---------------------
AIM ~alcohol--------------- --2I.5 10-

Ppvnelycol------..------------. 16 12 5----------
glycol .9en2 -------------- ---2
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TABLE 44.-Summnary of limits qL f fammnabilily of indiridual gascs and rapors in air and in oxy~gen-

Continued

Oxygen *Cr-
CeIlt&a", MCowIaimits in air. 1wreent Limlits inl oxygn rti which no

nitxt ure i-.

Gas orvaporNitrx)- i Carixon
gen a,: dioxide

ILowrr Higher I ower Hligher diluent as dilui-
of air enft

of air

ETHERS

Niethyl ether -3.- ---- &4 IS 1 27 3----- &Q--------1
Ethylether-- - ------ 1.9 1.7 49 2.-?-0 21 1 -. 2 --- - --
Ethyl n-propyl ether--------- 1.9 24 ---- 2.0 ---- 78 - ------
Isopropvl ether -------------- 1.4 L.3 21--------- ---------------- 69-----------------------
Vinyl ether -- - - - -L - - . 7 27 21N I-- -- 1. M-Ss - - - - - - -
Ethylene oxide--------- - &.0 3. 6 80 ita) ---- - - - -- ---- -- -- -- - - -- -
Propylene oxide.............2.1----- ----21.5----------------------------
')ioxajne ----------- ------- ------- 2.0----------- - -- -- -- -------------- ------- ---------- ---
Trioxatie .3 .--- -& 6 . 29 - - - -- - - -- - -- - -- - - -- -- -
Acetal- ------------------- 1.6 - - 0 4------------- - -- - - -- - -- - - -- - -
Mlethylceellosýolve----------------2.5 M_ -s--------
Ethylcvllosolve -- - 14.0..........................
Ilutyl cellosoive ----------- 1 O 6-------------.106
fleiehylperoxide .------- 2.3-------------------------- -------------------- -------

ALD.EHYD~ES

Acetaldehydie---------... 4.1 55 ---- ------ 4 ---- 93 ------
Paraldellydte ------------- ------- 1.3 ------------
Butyraldeh~de--------. is

Acrlcn.- 28 31
C'roton atidehyde 2. 1 - Uk5----
Furfura -2.

k F.% toNE -A

Acetone .1.0 *2.5 II 13 U l5 15, 6
Miethyl ethyl Lettme [S1 to
Mfethyl Pro)pvl kelole. 1. 5
NMethyl kityl ketone- l.3
NlethvI i--4butyl ketone 1. 4 7

Iftwphoriaw .8------3.

ACID; ANHPIITIKt')

Aretie arid .- - - -. -

Acetic anhidride 2. 7 10
Phthalte anhydridt' I. 7 5tt ....

Mlethyl lorlivate.- 9 5~:. 0 20 23 --- ---

l.it, vf fortatate. L7 135 It;. 4
Ilimtvl fornise , 71 9 1
Methyl aretate- 3. 1 16
FEthi f &mate 2.5 2.2 9 11
Vim-iyl urtalte L6 --- .M4
Propyl acetae L. 1.I' 8
I-,opropyl acetate. L. s q
Butyl acetate. -, I.1 1. 1 7.6
Anili acetate-- I.L I - I
Meh.fiv I llosoli-e acetate 1. 7 , 2 - -

'Methvl propiotiate -- - ------ 2.5--- ------- 3
E~thyl propionate ------------ 1.85 11
%letiii lactate 2.2 --- --
E1thlylartsle I

E-thyl nitrite 4.0 1C
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TABLE 44.- -Summary of units oftfammability of indiridual ga.ses and repors in air and in ozygen-
Continuted

Oxygen per-
centage below

Limits in air, peivent Limits in oxygen, percent which no
mixture is
flammable

(a;s or vapor

dioxide

Lower llighe. Lower Higher a t as diiu-
enetof air eu
of air

)IffNOL.S

Cresoi ------------.-- ------------- - - - - - - - -- -- - -- - - --. 1 . ......

A3AINES AND JIdlNCS.

Xlethyvlauine --...... 4.9 2&7 -
Diniethylvlini e --.... . .. 2.8 14.4 I - -
T.rinedkvlamine 2.0 -1 ----. 6 --. - -------
Ethylaniine ------------.---.. 5 -----. 14.0 -. - -
D)iethylw niine 1.8 ..... 10.1 - - - --- -------..... . .. .. .. .... ... .. .. ...
Triethvlanlie --------- 1. _ .. . '& 0 ------- . . ..------------ -.2- --- ----------
ProplIanine ---------- -- -2.0 -----. 10.4 I ...............
I-iulv iline - . - S ----------------.
lllh nine----------------- 2.2 22 ......

Erihyleneimine ------. -------- &. 6 4 ; - - - - -------- --- - 7 ....----- ._

OThER NITROEN; C(UM-
P•OIN DS

Acrloniiile -------------- -3.0 17 --------........... .... .....
P --• ---e ....------ ---------- 1 ----- - it 4 -12.4 ----.. ... ..

- -i--oti e ... . . 4.0 - -.. . . . . . .

liAL(WENS DERIVATIVES

Methvi chloride -------- 10.7 7.6; 17.4 19 -8 -... .
tMeth bromide ---- 1& 5 14. 5 I14 1 ..... .... . ...

NitglIhvIte chloride -1 . ..... .....------ 66
t rh l chloride- _ .... .. - 8 MI 4 - .. *. - 67 .

-:lriyl h mnille .i. 7 11.3 6. 7 _- _ 44 ..---
Et hy ' iie dh'hloride - . 2 Is ----. ... . ... ...... ------..
Vilicihloride. ........ --- -4.0 22 4.0 _ _
ieblo, riw hYlenle .. 9. 7 12.8 -. . I- . .26

Trieh li le~t hn -- ----- 10 .
It th 'elle Chlorollydriii 4 9 . . , 9 .
Irlplyl chloride. 2. 6 I I. 1
I'rV-en' diiehoride . 1a4 . 14- 5 --

. l 1 cl ,)riule ------- - 3.3
A.11.%i I nirdeon -- i----. 4 7.3
2-t'lit;~op~l len -4.5 MID 4.5 54
I-filhliyl chloride 2. 0 ¶0 81

1iti% h 'IM1tlhie 5. 2 5. 6

C 'h. ~hiIndlle 1.3 9L 3
Io-ro• t •i dhhle.. 4.2 66
Irwo~lvl iironwiwleT.. . ll - 12 . . .

n- A iiv' chloride - . ..Iffl,.-A lily} rhilo ihle I . . . 7. 4
( '|hlor lte wile, 1. 3 .... - - .

INichAi It,N-lnIene . 2.2 ... 9.2
Ui1~lWE•I.L % NIO1l'

I).eih~ ~uI~I~2. 2 19. 7
l)ilnhyl eritcwiwde .. 1b a MDit Ihyl Ilel'l.liole.~ -. . 2.5I |

Iinwel h vlieh oI,-;l.,w e. 4
Nle, ihvIl rivldo-wtaia'r . 7. 6
Tit tetlrallielhivi I. 9
LeaI iilef I wiiih1 . . I,

i-,,,, t
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TABLE 45.-Approrimate limits off ammabdit~jy of some complex jildastrial mixtuires of gases anld

vapors tit air and in oxygen

Limis i ai, preen Lilit inoxvOxygen percentage be-
Limts n ar, ercnt imis i oxgen, percent low which no mix-Iture is ttianimable

Gas or vapor
Nitrogen Carbon di-

LwrHgher LowrHigher I as diluent oxide at. lil-
HigerLoerof air lient. of air

W ater gas. ------ 0--------7 72 - - - -- - - - - - - - - - - - - - - - - - -
Carbireted water gas- 5 - ---- 36 --- -- -- - -1-- - -- -- - -. 4- - - - - - - - -
Pittsburgh natural - - - 5 -- - - -- -- ---a- - -- - -- 2 01.
Other natural waes. 3.8-6.5 -- - - 13-17 1-- - --- -- -- - - - -- -
Benzine --------------- 1.1 i- --- I ------------ ---------- ------- -------------------
Casoline--------------- L41--- 7.6 --- ------ --- itO. 14.4
Na'htba ------------ --------- O 05 - - - - - - -- - ---- - -- -- - -
Kerosine ---------- .'---- -- -------7 5 ------

C'&!i&:--- - -- -- , - -- - 32 7 -70 11. 14.4
Coke-oven gas -- - -- 4434 - - - --- - -
Blast Uirtise Ras-- -- 3i -- - - 4 - - -- - - -- - - - - - - - - - - - - - - -
Prodlicer gas -- -------- 17 7003 O '70-80 --- -- --- ----------
Oiligas ---------------- 4.7----------33 ----- --- -------

TABLE 46.--Limils of fammability in nitrous~ and nit1ric oxifde-s

INitrous oxide INitric oxide

Ga~s or vapor -- ~--
- Lower limit Higher limit Lower limit Higher limlit

Hydrogen- . . . .-- - - 5.2 -- - - -1 80 -- - -- 13.5 -- 49
Anmintia---------------- ------------------
Hydrogen sulfide------------ --- --------------------------

Caron istlfie----------------- ---------- -- 5- --- 5
(arhndisuonoide------------- 52 ------ 4.5 4
Methiane- ý--------- -------------- ---------- 21 34 91 - 2

111ae---------20 7.5--- -- 12.5
Fthylene. -- --- 4(1 3

Irp lle- - .: 1 45 24
('rlo-prolhalit - .. h;3
E~thyl ether ---.-- 5 24
Vilyl vIether - .4 2
Mf~thyl chloride - .5

Ethyl chloride - 2. 0 3
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